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Abstract
With years of tremendous traffic and energy consumption growth, green radio has been valued
not only for theoretical research interests but also for the operational expenditure reduction and
the sustainable development of wireless communications. Fundamental green tradeoffs, served as
an important framework for analysis, include four basic relationships: spectrum efficiency (SE)
versus energy efficiency (EE), deployment efficiency (DE) versus energy efficiency (EE), delay
(DL) versus power (PW), and bandwidth (BW) versus power (PW). In this paper, we first provide
a comprehensive overview on the extensive on-going research efforts and categorize them based
on the fundamental green tradeoffs. We will then focus on research progresses of 4G and 5G
communications, such as orthogonal frequency division multiplexing (OFDM) and non-orthogonal
aggregation (NOA), multiple input multiple output (MIMO), and heterogeneous networks (HetNets).
We will also discuss potential challenges and impacts of fundamental green tradeoffs, to shed some
light on the energy efficient research and design for future wireless networks.
Index Terms
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1I. INTRODUCTION
With years of tremendous traffic and energy consumption growth, green radio [1] has been
valued not only for theoretical research interests but also for the operational expenditure
reduction and the sustainable development of wireless communications. Before attracting
extensive research interests, several pioneer works [2]–[15] have been devoted to investigate
the tradeoffs between energy, bandwidth, deployment, and delay independently for different
scenarios. In order to provide a holistic view on the above issues, fundamental green tradeoffs
have been summarized in [16]. Within this framework, four basic tradeoff relationships among
key performance metrics and parameters have been analyzed, including spectrum efficiency
(SE) versus energy efficiency (EE), deployment efficiency (DE) versus energy efficiency
(EE), delay (DL) versus power (PW), and bandwidth (BW) versus power (PW) relations.
Great amount of efforts have been made to fully utilized the fundamental tradeoffs through
international research organizations or collaborative projects. For example, GreenTouch [1],
a worldwide research consortium aiming to improve the EE of communication systems, has
established a dedicated project “Green Transmission Technologies (GTT)” to investigate the
underlying tradeoffs for practical networks. Energy Aware Radio and network TecHnologies
(EARTH) [17] project has applied these tradeoffs to demonstrate the final deliverables,
including energy efficient network architecture and deployment strategies. Besides these
projects, IEEE Communications Society have also recognized several books [18]–[21] and
Journal/Magazine Special Issues featured on green communications as best readings [22],
which aim at providing readers a comprehensive coverage on green communications from
the state-of-the-art theoretical research results to industrial applications.
Along with the dramatic traffic explosion, it is also promising to see that the next generation
(5G) wireless communications shall include people-to-machine and machine-to-machine com-
munications [23] in order to facilitate more flexible networked social information sharing. As
a result, numerous sensors, accessories, or even tools may become the communication entities
and the associated running applications over wireless networks will diverge. As reported in
[24], wireless communications shall support up to millions of applications and billions of
subscribers by year 2020, which is nearly 100 times of today’s network. Consequently, with
the surprisingly expanding demands for wireless transmission and supporting equipment,
the network power consumption is no longer sustainable and the green radio technology
becomes essential [25]. A flagship 5G research project from European Union, named Mobile
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2and wireless communications Enables for the Twenty-twenty Information Society (METIS),
has introduced the green metric, ECON-B/AU, as a basic system performance measure [23]
and claimed to have 1,000 times EE improvement between 2010 and 2020. Meanwhile, a
green and soft future for 5G systems from the operator’s viewpoint has been presented in
[25] and vendors are managing to prolong the battery life of devices in 5G systems by a
factor of ten [24].
Due to tremendous research efforts and lots of progresses in green radio in the past few
years, a number of surveys and tutorials have been contributed to EE improvement for cellular
networks. In particular, a comprehensive study on the energy efficient schemes for orthogonal
frequency division multiple access (OFDMA), multiple input multiple output (MIMO), and
relay networks has been provided in [26]. In [27], a complete overview for both wired
and wireless networks has been conducted. A dedicated discussion on the energy efficient
wireless communications has been characterized in [28]. More recently, the literature surveys
for EE improvement have nailed down to several specific technical areas in cellular networks,
including radio resource management [29], dynamic resource provisioning [30], base station
sleeping [31] as well as low power hardware techniques [32]. Nevertheless, the surveys
above have focused on specific energy efficient schemes. In this article, we will focus on: 1)
theoretical progresses on fundamental green tradeoffs, 2) joint analysis with energy efficient
solutions and hardware characteristics, and 3) design impacts for future green networks.
Fundamental green tradeoffs as well as the joint analysis and design impacts have also
been identified in [33]. However, [33] emphasizes cognitive radio and cooperative techniques
while we focus on the main 4G technologies and the promising 5G technologies, which are
fundamentally different.
Since we are at the transition stage from 4G to 5G networks nowadays, it is critical for us to
understand the on-going energy efficient solutions for 4G networks and identify some forward-
looking research challenges on green 5G network design. Hence, after we summarize the
extensive on-going research efforts and categorize them based on fundamental green tradeoffs
in this paper, we will focus on research progresses in 4G networks, such as orthogonal
frequency division multiplexing (OFDM), MIMO, and heterogeneous networks (HetNets).
We then discuss potential impacts and identify research challenges of the fundamental green
tradeoffs in 5G networks, where the most promising features, including non-orthogonal
aggregation (NOA) [34]–[36], massive MIMO (M-MIMO) [37] and an ultra dense network
(UDN) [38], are re-evaluated under the same framework, respectively.
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3The rest of the paper is organized as follows. Section II will provide a comprehensive
overview on the current research progresses of the fundamental green tradeoffs. Based on
that, Sections III, IV, and V will discuss three types of technologies, including OFDM
and NOA, regular and massive MIMO, HetNets and UDNs, respectively. Other energy
efficient technologies are also summarized in Section VI. We present a heterogeneous design
framework for energy efficient networks in Section VII and conclude the paper in Section
VIII.
II. FUNDAMENTAL GREEN TRADEOFFS
The fundamental green tradeoffs in an additive white Gaussian noise (AWGN) channel have
been proposed in [16]. Following the conventional notations, we denote P,W,N0, τ, R, C as
the total transmit power, the total bandwidth, the additive noise power density, the transmis-
sion delay1, the rate requirement, and the deployment cost. The four fundamental tradeoff
relations in an AWGN channel can be expressed as [16],
SE-EE Tradeoff: ηEE(ηSE) =
ηSE
(2ηSE − 1)N0 (1)
DE-EE Tradeoff: ηEE(ηDE) =
ηDE · C(
2
ηDE ·C
W − 1
)
WN0
(2)
BW-PW Tradeoff: P (W ) = WN0
(
2
R
W − 1
)
(3)
DL-PW Tradeoff: P (τ) = WN0
(
2
1
Wτ − 1
)
(4)
where
ηSE = log2
(
1 +
P
WN0
)
(5)
ηEE =
W
P
log2
(
1 +
P
WN0
)
(6)
ηDE =
W
C
log2
(
1 +
P
WN0
)
(7)
denote SE, EE and DE, respectively2.
1Since we mainly focus on the physical layer transmission, we only adopt the transmission delay here to characterize the
delay-power tradeoff which can be regarded as a theoretical limit.
2We note that area energy efficiency is also another important performance metric for cellular networks. Since it is more
related with the cell size, we will emphasize it in heterogeneous networks in Section V.
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Fig. 1. Fundamental green tradeoffs for benchmark systems and their evolutions to OFDM, MIMO, and HetNets with circuit
power consideration. The dashed curves show fundamental green tradeoffs for benchmark systems as illustrated in [16].
The curves in a), b), and c) stand for fundamental green tradeoffs in OFDM, MIMO, and HetNets, and the corresponding
analysis and demonstration can be found in Section III-A, IV-A, and V-A, respectively.
In the practical systems, however, the tradeoff curves may behave differently. For example,
if the circuit power consumption, Pc, is considered in the EE evaluation, then ηEE =
W
P+Pc
log2
(
1 + P
WN0
)
and the corresponding SE-EE/DE-EE tradeoff curves will be with a bell
shape [16] as shown in Fig. 1. BW-PW/DL-PW tradeoffs under the circuit power assumptions
have been also discussed in [16]. In particular, several open issues have been raised in [16],
including tradeoff analysis for multi-cell systems and HetNet architectures.
Four fundamental green tradeoffs can actually stretch together key network performance/cost
indicators and connect the technologies toward green evolution in different aspects, including
network planning, resource management, and physical layer transmission scheme design.
Moreover, guided by the fundamental green tradeoffs, years of tremendous efforts have
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Fig. 2. A summary of key technologies for 5G communication systems and their application scenarios. For example, NOA
(such as NOMA, D2D and FD), as a novel breakthrough for physical layer, is specialized for massive low-rate terminals.
M-MIMO is designed to improve the throughput via smart designed narrow beams and a UDN technology is targeted for
hotspots with dense users.
been put into the green technologies for the existing as well as future cellular networks,
especially for 4G and 5G communications. As we have indicated before, OFDM, MIMO,
and HetNets are often regarded as the most important features for 4G networks, and have
attracted significant attention for green communications in the past several years. Meanwhile,
to provide 1,000 times throughput improvement, 100 times delay reduction and 100 times
connections for 5G networks while keeping the energy consumption sustainable, energy
efficient communication covers all promising 5G technologies, including NOA, M-MIMO,
and UDN as shown in Fig. 2, and has become an important research topic recently [25]. The
fundamental tradeoff curves have been characterized, some open issues in [16] have been
resolved, some physical limitations have been identified. In the following sections, we will
discuss the research achievements of the above features through the following three aspects.
Firstly, we summarize the analytical results of fundamental green tradeoff curves for different
features. Then, guided by the fundamental green tradeoffs, we analyze the existing energy
efficient solutions in detail and investigate the power minimization problems when affecting
the BW-PW/DL-PW tradeoffs. Finally, we raise some future research issues related to the
fundamental green tradeoffs.
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6III. OFDM AND NOA
Time-frequency resources utilization is one of the most important technologies in commu-
nication networks, where the orthogonal utilization using OFDM is applied in 4G systems and
the non-orthogonal extension using NOA has been proposed for 5G systems. In this section,
we summarize the energy efficient solutions for OFDM and NOA technologies based on the
fundamental green tradeoffs.
A. OFDM
OFDM, as a landmark technology for 4G systems, is originally proposed to deal with
the frequency selectivity of wireless channels due to the multi-path fading in broadband
transmission. Fundamental green tradeoffs for OFDM actually manage to figure out the inner
relationship between the achievable system performance and the consumed power resource,
and the main results are as shown below.
1) Theoretical Achievements: Theoretical analysis on fundamental green tradeoffs for
OFDM systems is rather straight forward. The ergodic capacity for OFDM can be expressed
as
COFDM = W · E{hj}
[
Ns∑
j=1
log2
(
1 +
P
WN0
‖hj‖2
)]
, (8)
where j is the subcarrier index, Ns is the total number of subcarriers, and hj denotes the
channel frequency response at the jth subcarrier. From ηSE = COFDM/W , ηEE(ηSE) =
ηSEW/P and ηDE(ηSE) = ηSEW/C, the EE/DE of OFDM systems increases while SE
decreases with the bandwidth, which means OFDM provides better EE/DE in the wide band
area at the expense of losing SE. Meanwhile, since the ergodic capacity, COFDM , is an
increasing function with respect to the bandwidth, W , it has better BW-PW and DL-PW
tradeoffs, especially in the low SE regime.
In the practical scenario, due to complicated signal processing and high peak-to-average
power ratio (PAPR) in OFDM transmission [39], the circuit power consumption, Pc, is never
small. However, with the development of hardware processing capability, especially with the
help of fast Fourier transform (FFT), traditional power-hungry OFDM technology can be
implemented with reasonable hardware cost and manageable power consumption [40]. As a
result, the fundamental green tradeoff curves for practical OFDM systems can be shown in
Fig. 1(a), which provides a better EE/PW performance if compared with the baselines.
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7The above theoretical framework has been extended to OFDMA scenarios [41]–[44]. In
OFDMA systems, sub-channelization of OFDM technology allows base stations to oppor-
tunistically select the most suitable users for each sub-channel and timely adjust the coding
and modulation schemes to improve EE performance [45]–[49]. For example, downlink
energy efficient power allocation schemes have been proposed in [45], where it has been
shown that the maximum achievable EE is strictly quasi-concave in terms of SE for a sufficient
large number of subcarriers. The analytical framework has been extended to uplink OFDMA
systems in [46], where the minimum individual EE maximization guarantees the worst user
performance. In addition to the energy consumption at the transmitters, that for the receivers
has been ignored before and is also considered in [47]–[49] when formulating the systematic
EE.
2) Energy Efficient Solutions: Significant research efforts have been devoted to obtain
energy efficient design for OFDM systems. In the downlink scenario, the initial work on the
point-to-point energy efficient link adaptation scheme over frequency-selective channel can
be traced back to [50], where the throughput-per-Joule EE metric considering circuit power
consumption has been first proposed and the iteratively subcarrier and power allocation has
been analyzed. The result has been extended to EE-oriented link adaptation for multiuser
scenarios in [51], where the practical pilot power consumption and the induced channel
estimation errors have been also studied. It has been concluded that utilizing the maximum
power for pilots and data transmission is not always optimal for EE-oriented design. In [52],
the multiuser fairness issues for energy efficient design have been further investigated, where
proportional rate constraints have been applied in the EE formulation. It has been proved in
[52] that the EE expression is strictly quasi-concave in the proportional rate parameter, λ,
defined as the rate requirement over the proportional rate constraint. Thus, the EE-optimal
algorithms in [50] and [51] can be applied here. In general, the above works have shown
that the energy efficient downlink transmission strategies can improve the EE performance
significantly with a relatively small SE loss. For OFDM networks with delay-sensitive traffic,
the concept of effective capacity [53] can be used to formulate the EE or power optimization
problem if perfect channel state information (CSI) is known at the transmitter. In [54],
delay-guaranteed constraints have been transformed into the transmission rate requirements.
Therefore, the EE-oriented design methodology as proposed in [51] has been directly adopted
to obtain EE-optimal strategies. A more complete DL-PW relation for OFDM systems has
been analyzed in [55] and [56], where the effective capacity to link the delay performance and
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8TABLE I
TAXONOMY OF ENERGY EFFICIENT OFDM SCHEMES BASED ON THE FUNDAMENTAL GREEN TRADEOFFS
Ref. Main Tradeoff Technical Area DL/UL Contribution
[45], [47] SE-EE Theoretical Analysis DL Characterize the tradeoff curves with circuit power
[46] SE-EE Theoretical Analysis DL/UL Characterize the tradeoff curves with circuit power
[50], [51] SE-EE, BW-PW Resource Management DL Energy efficient link adaptation with circuit power
[52] SE-EE Resource Management DL Energy efficient multiuser link adaptation with user fairness
[54] DL-PW, SE-EE User Scheduling DL Energy efficient multiuser scheduling with delay constraints
[55], [56] DL-PW Theoretical Analysis DL Characterize the tradeoff curves with circuit power
[57] DL-PW User Scheduling DL Multiuser scheduling under heterogenous queueing delay
[59] SE-EE Resource Management UL Distributed power control for multiuser EE maximization
[60] DL-PW Resource Management UL Distributed power control with ARQ delay constraints
[61] SE-EE Resource Management UL Distributed power control for multiuser multi-cell systems
[62], [63] DE-EE Implementation DL/UL Characterize the impacts of hardware components on EE
the power requirements has been used. The heterogeneous queueing delay and power tradeoff
coupled with the imperfect CSI has been discussed in [57], where the Lyapunov stochastic
stability analysis [58] has been applied to develop the corresponding dynamic back-pressure
power control algorithm to achieve the optimal DL-PW relation.
In the uplink, naturally we need to deal with the EE or power related issues in multiuser
scenarios through efficient user scheduling and power control [49]. However, to obtain the
optimal solutions, complicated iterative search and global information change for each time
interval is required, which is with prohibited complexity and signaling overhead. To deal
with these issues, a distributed power control algorithm has been proposed in [59], which
relies on the localized channel states of all subchannels and the history of data transmission
and power consumption. It has also been proved in [59] that the existing water-filling power
allocation approaches can still be applied for a given transmit power and selected subcarrier
sets. A more practical design for 4G uplink systems with synchronous HARQ constraints
can be found in [60], where the block interval based margin adaptation scheme is applied
to guarantee the ARQ delay and minimize the potential transmit power. However, the above
approaches require the frequently updated network information to obtain the optimal/sub-
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9optimal strategies and may not be applicable in the multi-cell environments due to the limited
backhaul capacity for inter-cell communications. To address this issue, potential games have
been formulated in [61] for energy efficient power control and subcarrier allocation in uplink
multi-cell OFDMA systems. With the noncooperative game formulation, each uplink user
plays an signal-to-interference-and-noise ratio (SINR) maximization game to determine the
subcarrier allocations and a distributed power control game to maximize the EE based on
their local network information. The game solution in [61] has been proved to converge and
achieve order-wise EE improvement compared with benchmark schemes. Table I provides
a summary of the above literatures. In summary, [45]–[47], [50], [52], [59], [61] are more
applicable to large scale systems that pursue high EE and SE while other figures of merit,
such as delay and bandwidth, are ignored. In contrast, the approaches in [51], [54]–[57],
[60] are preferred by delay sensitive applications and power limited wireless networks. Some
details and guidance on implementing energy efficient solutions to realistic systems can be
found in [62], [63].
3) Future Research Issues: OFDM exploits EE potentials in the time-frequency domain
and the corresponding impacts on hardware components (e.g. power amplifiers) are not
difficult to characterize in general [62], [63]. However, the current EE metric design in the
OFDM configuration is not applicable in evaluating multiuser scenarios. Usually, users with
a lower circuit power are more energy efficient than those with a higher circuit power, which
generates a fairness issue. Another challenge is inter-cell interference modeling. Due to the
distributed user scheduling, the splitted power as well as the modulation and coding schemes
for each sub-channel/subcarrier are generally unpredictable, and the induced interference will
be uncontrollable at the user side. Meanwhile, as illustrated in [39], the radiated power and
signal quality of OFDM systems depend on the instantaneous PAPR, which eventually makes
generated interference (to neighboring cells) highly dynamic. Hence, further investigation on
the following research topics is still expected.
• How to design energy efficient schemes with heterogeneous circuit power consumptions?
Due to various types of terminals, the circuit power consumptions may differ dramat-
ically, which will affect the EE metric evaluation and the fairness among users [28].
Therefore, new formulation of the EE design problem with fairness consideration for
near-far effect and heterogeneous circuit power consumption will be essential.
• How to design energy efficient schemes with highly dynamic inter-cell interference?
One possible solution to solve this issue is to control the potential inter-cell interference
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sources, e.g. through low PAPR signal design or low noise spectrum filtering. Another
possible way is to facilitate inter-cell interference information exchange [29], e.g. to al-
low multi-cell cooperation or coordinated interference cancellation. For either approach,
additional research efforts on energy efficient schemes will be worthwhile.
B. Non-Orthogonal Aggregation
The extension of OFDM in the time-frequency domain is not straight forward since the
existing 4G systems have fully utilized the resources in the orthogonal sense. NOA intends
to provide time-frequency domain aggregation with the non-orthogonal technology, which
has been recently proposed as a key enabling technology for 5G.
1) Theoretical Achievements: Typical NOA technologies include full duplexing (FD) [34],
device-to-device (D2D) [35], and Non-Orthogonal Multiple Access (NOMA) [36], where FD
focuses on the self-interference cancellation and the D2D and NOMA deal with inter-user
interference. Instead of analyzing a single transmitter-receiver pair as in the previous cases, the
ergodic capacity of NOA technology can be described by a sum capacity of all transmission
pairs and can be expressed as,
CNOA = W · E{hk,hnk}
[
Np∑
k=1
log2
(
1 +
Pk‖hk‖2
WN0 + ξk
∑Np
n=1,n 6=k Pn‖hnk‖2
)]
, (9)
where k is the index of transmission pair, Np is the total number of transmission pairs
and Pk is the equivalent transmit power of the kth transmission pair. hk and hnk denote the
channel gains of the kth pair and the interference link to the kth pair generated from the nth
transmission pair, respectively. {ξk} is the equivalent interference cancellation capability of
the kth pair, which can be regarded as a joint effect of the NOA transmission scheme, the
interference cancellation technique of the kth receiver [64], and other power management
techniques [65]. Consequently, the sum SE of NOA, ηSSE , can be calculated via ηSSE =
CNOA/W and the maximum achievable sum SE, η?SSE , is given by
η?SSE = max
Pk≥0,
∑
Pk=P
E{hk,hk′k }
[
Np∑
k=1
log2
(
1 +
Pk‖hk‖2
WN0 + ξk
∑
n=1∈,n6=k Pn‖hnk‖2
)]
. (10)
With proper power arrangement and advanced inference cancellation schemes, NOA is able
to achieve a better sum SE compared with the orthogonal transmission schemes. The sum
EE, ηSEE , can be obtained similarly and ηSEE grows proportionally with ηSSE for fixed total
transmit power P , which results in a better SE-EE tradeoff curve [66]–[68].
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The additional deployment cost for the NOA scheme is generally controllable since no
additional site renting or infrastructure upgrading is required. As a result, a better DE-EE
tradeoff relation will not be surprising. In general, since NOA provides better utilization
of time-frequency resources and reduces the potential queueing delay by creating more
virtual transmission pairs, better power related tradeoffs can be obtained compared with
the orthogonal solutions. In the practical networks, the number of required processing chains
scales with the number of the active transmission pairs in the NOA scheme and a linear
growth of static circuit power will be possible. In that case, we can no longer achieve a
better sum EE as in the ideal scenario and the corresponding BW-PW and DL-PW tradeoffs
will be affected.
2) Energy Efficient Solutions: EE enhanced solutions for NOA have been widely discussed
recently and one of the promising directions is to control the PAPR and out of band leakage to
limit non-orthogonal interference. Several advanced waveform techniques have been proposed
to support the energy efficient NOA transmission. A flexible modulation scheme, called
generalized frequency division multiplexing (GFDM), has been proposed in [69] to control
the out of band emission, which makes fragmented spectrum and dynamic spectrum allocation
feasible without severe interference. Filter-bank multi-carrier (FBMC) is with a low PAPR and
fits for broadband transmission. Furthermore, it can be extended to multi-stream scenario as
shown in [70], which makes it possible for NOA applications. Other types of tunable OFDM,
such as DFT-precoded OFDM, a punctured variable-length prefix OFDM and universal filtered
multi-carrier (UFMC) as summarized and compared in [71] and [72], provide various choices
for energy efficient NOA waveform design.
Another promising direction is to develop reconfigurable hardware platform for the NOA
processing. Nowadays, effective interference rejection schemes contain a mixture of spatial,
analog, and digital domain cancellation in order to compensate non-linear effects and other
special effects such as oscillator noise [34]. However, this approach typically requires fine-
grained tuning of some engineering parameters and the corresponding interference cancella-
tion is often complexity and power hungry. If different NOA schemes need to be supported,
a brute-force implementation to configure multiple hardware links definitely consumes pro-
hibitive power and hardware cost. Therefore, an energy efficient NOA implementation using
reconfigurable platform is promising [73] and the associated unified frame structure design
[74] and low-overhead protocol [75] to reduce the switching latency of multiple NOA schemes
are also important.
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D2D communications have been envisioned as a key technology for 5G networks [75]–[81].
In particular, proximity users are allowed to communicate directly without going through the
base station [78]. The SE-EE tradeoff for D2D communications underlaying cellular networks
has been investigated in [68]. It has been pointed out in [68] that increasing transmission
power beyond the power for maximum EE brings little SE improvement but signicant EE loss,
especially when the interferences between D2D users are not so strong. The overall system
EE and the individual user EE are both optimized in [82] via joint channel assignment
and power allocation under the assumption that there is no interference among D2D pairs.
Then, this assumption is relaxed in [83] where it has been shown that the maximum EE
is enhanced significantly but sensitive to the number of D2D pairs due to frequency reuse.
Beside resource allocation, mode switching is also attractive for realizing energy efficient D2D
communications [79]–[81]. Specifically, D2D users are allowed to switch between cellular
mode, reuse mode, and dedicated mode, to optimize the system performance while without
causing severe interference to cellular users.
Another appealing technology is full-duplex [84]–[95]. A comprehensive EE analysis of the
FD and half-duplexing (HD) amplify and-forward (AF) has been provided in [84], where it has
been shown that FD with passive suppression is more energy efficient than HD. In addition,
when the transmission power is high, the system EE can be further improved by exploiting
analog cancellation. EE and SE tradeoff as well as resource allocation has been investigated in
FD multiuser MIMO [85], one-way relay [86], and two-way relay [87] systems. Then, energy
recycling is also integrated into FD systems to achieve high EE and SE [88]–[90], where a
part of energy that is used for information transmission by a transmitter can be harvested
and reused. Beside the physical layer aspect, novel solutions and protocol enhancements
are also needed at higher layers to achieve the true benefits of FD technology. An energy-
efficient medium access control (MAC) protocol has been proposed in [91] to reduce the
transmission power of data and acknowledgement (ACK) packets. Significant EE gain has
been demonstrated in [91] and but higher layer gains of FD technology heavily rely on
self-interference cancellation mechanisms at the physical layer.
3) Future Research Issues: Current energy efficient NOA transmission focuses on the
implementation aspect, where the hardware friendly signal and reconfigurable techniques have
been discussed in the previous part. Inspired by the energy efficient schemes for orthogonal
access systems, we may consider the questions for energy efficient NOA as concluded in
Fig. 3.
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Fig. 3. A research roadmap for energy efficient NOA technology based on the fundamental green tradeoffs.
• How to deploy NOA technologies for different users more energy efficiently? The de-
ployment problem is also critical for energy efficient NOA transmission. As an example,
NOMA is more suitable for users with significant pathloss difference in order to improve
the performance of successive interference cancellation [36] while FD prefers closer
transmit-receive distance with lower transmit power due to limited self-interference
cancellation capability [84]–[86]. Hence, to deploy NOA technologies according to the
serving scenarios can greatly improve the overall EE performance and requires further
investigation.
• How to design energy efficient scheduling strategies for users with multiple NOA schemes?
After deploying different NOA schemes for different users, how to allocate resources
among them becomes a critical problem [71]–[73]. As we have explained in Sec-
tion III-B2, it is power and hardware costly to support multiple NOA schemes using
multiple hardware links. An energy efficient strategy is to schedule users with the
same NOA scheme together. However, the associated problems to guarantee the delay
requirements and avoid frequent reconfiguration of hardware are more difficult and still
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open.
IV. MIMO
In the spatial domain, regular MIMO has been applied in 4G systems, and in order to
support order-wise throughput enhancement for 5G systems, a massive extension of MIMO
technology has been proposed. In this section, we discuss fundamental green tradeoffs for
regular and massive MIMO systems, and identify several critical open issues from the EE
perspectives.
A. Regular MIMO
MIMO aims to improve the SE by using multiple transmit and receive antennas. Mean-
while, it also incurs higher hardware cost or more operating power consumption. Fundamental
green tradeoff study provides a more comprehensive view for MIMO technology especially
for energy or power related metrics.
1) Theoretical Achievements: The detailed SE-EE tradeoff has been analyzed in [96] and
[97] for centralized and distributed MIMO systems, respectively. In [96], the expression of
SE, ηSE = CMIMO/W , is generated by the MIMO ergodic capacity3
CMIMO = W · f(P ) = W · EH
[
log2 det
(
INr +
P
NtWN0
HHH
)]
, (11)
and the ordered eigenvalue statistics of the Wishart matrix HHH, where P = f−1(CMIMO/W )
= f−1(ηSE) and f(P ) is defined as EH
[
log2 det
(
INr +
P
NtWN0
HHH
)]
. The SE-EE tradeoff
relation can be derived via ηEE(ηSE) = ηSEW/P = ηSEW/f−1(ηSE). For the distributed
MIMO systems [97], both deterministic distance dependent pathloss effects and small scale
MIMO channel fading coefficient H are considered and the power, P , in the capacity
expression (11) is weighted by the corresponding pathloss coefficients. Although the function,
f(P ), in the distributed MIMO system has a more complicated form, we can have a uniform
expression for the SE-EE tradeoff as ηEE(ηSE) = ηSEW/f−1(ηSE). From [96] and [97],
monotonic decreasing SE-EE tradeoff relations can be obtained via theoretical analysis since
f−1(·) is a monotonically increasing function. Therefore, we cannot get EE improvement
without sacrificing the SE for MIMO systems. The similar conclusion is also applicable
3For notation purpose, we consider the MIMO fading channel coefficient H with dimension Nt ×Nr and denote E[·],
(·)H to be the expectation and matrix Hermitian operation respectively. f(·) and f−1(·) represent the function mapping
and inverse mapping relations.
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for the DE, ηDE , since the additional deployment cost to install multiple antennas is not
significant compared with the operational cost and can be averaged over the whole life-cycle
of wireless networks. To guarantee the required data rate, R, or the transmission delay, τ , in
MIMO systems, the required power is just inversely proportional to the improvement of the
SE, which turns out to be a better tradeoff for BW-PW and DL-PW.
For the MIMO tradeoff analysis under practical conditions, the circuit power consumption,
Pc, should be included for idle state and proportional to the number of transmit antennas for
active state. In that case, we will have some finite value for EE even when ηSE approaches
to zero, which turns out to have much smaller EE for the low SE regime if compared with
the ideal case. Therefore, as shown in [98], the SE-EE tradeoff will be a quasi-concave bell
shape expression and an optimal EE value can be obtained using some efficient numerical
searching algorithms. The similar approach can be used to derive DE-EE, BW-PW, and DL-
PW tradeoffs, and we plot the main fundamental green tradeoff relations in Fig. 1(b) for
practical MIMO systems.
2) Energy Efficient Solutions: Energy efficient MIMO systems have been extensively stud-
ied recently. In the downlink, antenna precoding [99]–[103] and user scheduling [104], [105]
are commonly used to improve EE. For example, the optimal precoding matrix to achieve the
optimal EE under the ideal MIMO channel condition has been derived in [99]. To be more spe-
cific, instead of using a scalar transmit power P , the precoding strategy, Q, has been founded
to maximize the MIMO channel capacity CMIMO = W ·EH
[
log2 det
(
INr +
1
NtWN0
HQHH
)]
,
subject to the constraint Tr(Q) ≤ P . It is showed later in [99] that EE follows the quasi-
concavity property with respect to the precoding matrix Q and using Q to diagonalize the
channel H offers the maximum capacity for a given transmit power. However, consuming all
available transmit power, P , is not always optimal for EE maximization in downlink MIMO
systems. The energy efficient precoding schemes with imperfect CSI at the transmitter have
been addressed in [100], where the channel outage event (CMIMO < R) has been modeled
to perform the EE optimization. Compared with the precoding design in [99], it is shown in
[100] that the EE optimal precoding strategy in this case should still diagonalize the estimated
channel Hˆ while the transmit power budget shall be a function of channel estimation errors as
well. The precoding analysis has been extended to virtual MIMO systems in [101] and [102]
using the similar techniques, where joint power balancing algorithms have been proposed
and an open issue posted in [16] has been addressed. The precoding matrix design based
on point-to-point MIMO channel information feedback has been investigated in [99]–[102].
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However, the precoding schemes in multiuser MIMO scenarios need to consider multiple
MIMO channels simultaneously. One of the energy efficient precoding schemes is to minimize
the potential inter-user interference, such as zero-forcing based precoding as shown in [103].
Meanwhile, to select a proper number of transmit antennas and distribute the available power
among different antennas are also important to maximize the overall EE of multiuser MIMO
systems. To further enhance the EE performance for the multiuser MIMO scenarios, a greedy
energy efficient user scheduling algorithm and a RF chain sleeping technique have been
proposed in [104] and [105], respectively. It has been validated in system level that multiuser
diversity and hardware switching can significantly improve the EE as well.
In the uplink, multiple terminals are grouped together to form uplink virtual MIMO for EE
improvement [106]–[108]. Mathematically, if K uplink users, each with Nt antennas, transmit
to the same base station with Nr antennas, the equivalent uplink MIMO channel H, can be
expressed as H = ΩvHv, where Hv is a Nr×KNt matrix, Ωv is a Nr×KNt deterministic
distance dependent pathloss matrix, and  denotes the Hadamard product. Following the
similar procedures as illustrated in the downlink MIMO case, we can rewrite the MIMO
capacity formula and derive the optimal EE precoding schemes for coordinated multi-point
(CoMP) transmission. A generic closed-form approximation of the SE-EE tradeoff can be
found in [106]. Through numerical simulation, it has been shown in [106] that uplink CoMP
transmission with optimal EE precoding is more energy efficient under the ideal and linear
power consumption model. A more realistic energy efficient precoding policy considering the
circuit power consumption has been developed in [107], where each user sets a precoding
matrix to diagonalize the corresponding channel. It has been also revealed in [107] that
there exists a unique globally optimal energy efficient power allocation associated with the
precoding matrix, which has a weighted water-filling form with different water levels for
different users. The idea has been extended to jointly optimize the number of uplink users
in the MIMO structure and the related power allocation strategy in [108]. To reduce the
searching complexity for the global optimal user set, an ergodic rate based user pre-selection
approach has been proposed with marginal EE performance loss.
Apart from the aforementioned schemes, the implementation issues have been also ad-
dressed and several alternative ways for the energy efficient MIMO transmission have been
proposed. For example, antenna selection, usually regarded as a special form of power
allocation strategy, e.g. to allocate zero power to the unselected antenna sets, has been
analyzed in [109] and [110]. Another energy efficient approach to utilize the antenna index
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TABLE II
TAXONOMY OF ENERGY EFFICIENT MIMO SCHEMES BASED ON THE FUNDAMENTAL GREEN TRADEOFFS
Reference Main Tradeoff Technical Area DL/UL Contribution
[96], [97] SE-EE Theoretical Analysis DL Characterize the theoretical tradeoff curves
[98] SE-EE Theoretical Analysis DL Characterize the tradeoff curves with circuit power
[99], [100] SE-EE Precoding Design DL Precoding with perfect/imperfect channel information
[101], [102] SE-EE Precoding Design DL Energy efficient precoding for virtual MIMO systems
[103] SE-EE Precoding Design DL Energy efficient precoding for multiuser MIMO systems
[104] SE-EE User Scheduling DL Energy efficient scheduling for multiuser MIMO systems
[105] SE-EE, DE-EE User Scheduling DL Energy efficient scheduling for RF chain sleeping
[106] SE-EE Theoretical Analysis UL Characterize the theoretical tradeoff curves
[107] SE-EE Precoding Design UL Energy efficient precoding with circuit power
[108] SE-EE User Scheduling UL Joint uplink user selection and precoding
[109], [110] SE-EE Precoding Design DL/UL Joint antenna selection and power control
[111] DE-EE Modulation Design DL/UL Spatial modulation for energy efficient transmission
[112] SE-EE Modulation Design DL/UL Symbol rotation based modulation for MIMO diversity
[113], [114] DL-PW User Scheduling DL Delay guaranteed low power MIMO transmission
[115] BW-PW Resource Management DL/UL MIMO power minimization using cognitive spectrum
[116], [117] SE-EE Resource Management DL Energy efficient polarization and link adaptation
for the information modulation called “spatial modulation” has been invented by Renzo et.
al. [111], where the receiver side can obtain extra information bits by successfully detecting
the transit antenna indices. Other energy efficient schemes including modulation diversity,
cognitive and polarization have been discussed in [112]–[117], as summarized in Table II.
In summary, the approaches in [96]–[102] can be applied to large scale and EE oriented
wireless networks with user quality of service (QoS) requirements. While the insights on
realizing fairness among users can be resorted to [104], [105]. In addition, the algorithms
in [106]–[108] are helpful to achieving high SE for power limited mobile users. Designing
some energy efficient schemes for delay-aware applications can be in [113], [114].
3) Future Research Issues: In the current MIMO EE evaluation [96], the circuit power
consumption is modeled through a linearized and continuous expression, e.g. P/µPA + Pc,
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where µPA is the efficiency of power amplifier (PA). Applying this model, the overall
MIMO EE expression can be transformed into quasi-concave functions and the green tradeoff
problem can be efficiently solved by standard convex relaxation/approximation techniques
[98]. Nevertheless, if we want to more accurately determine the optimal MIMO configuration
of base stations or handsets in the commercial systems, we still need to consider the following
two factors. One is various types of PAs with different transmission capabilities and optimal
operating regions [17]. For example, pico-cell PA is optimal from -12dBW to -9dBW while
remote radio head (RRH) PA is efficient for more than 9dBW. With the efficient MIMO
setting, the per antenna transmission power requirement will be reduced, which allows to use
more efficient PAs whenever necessary. The other is that different operating regions result
in different efficiencies even within the same type of PAs, which cannot be described by
just a single number. Once the above two factors are combined together, the optimal input-
output power relations of multi-type PAs, as shown in Fig. 4 from [17], are neither linear nor
continuous. Hence, the following research issues need to be addressed with higher priority.
• How to derive EE optimal precoding strategy with non-linear and non-continuous power
model? The main challenge is that with non-linear and non-continuous power model
[107], the quasi-concavity property of EE no longer holds and new convex approximation
method needs to be found.
• How to deploy the commercial MIMO systems with EE requirements? With non-linear
and non-continuous power model, in-depth EE analysis will be essential for the network
deployment, which requires to jointly consider different PA types and dynamic PA
efficiency before the cell layout stage.
B. Massive MIMO
A M-MIMO system [118] is a direct extension from traditional MIMO by installing an
excessive large number of antennas at the base station. When the number of antennas is
huge, many random characteristics asymptotically turn into deterministic ones and many
exact conclusions can be made. Fundamental green tradeoffs will be affected as follows.
1) Theoretical Achievements: We can re-investigate the MIMO ergodic capacity formula
(11) and as the number of transmit antennas Nt goes to infinity, HH
H
Nt
tends to the identity
matrix INr . In this case, the ergodic capacity for M-MIMO systems becomes,
CM−MIMO = W ·Nr log2
(
1 +
P
WN0
)
, (12)
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Fig. 4. Input and output power relations for different types of power amplifiers based on the results given by [17]. In
this figure, four types of PAs are considered, including femto, pico, micro, and RRH, and the red curve shows the optimal
input-output power profile. As indicated in the figure, different types of PAs will have different preferred regions, e.g.
-9dBW to 8dBW for micro-cell PA and 8dBW to 16dBW for RRH PA.
where the randomness of channel fading has been averaged over infinite number of transmit
antennas. As demonstrated in [118], without considering circuit power consumption, ten
times SE improvement can be easily achieved when the number of antenna pairs exceeds
one hundred4 for a given overall transmit power. The corresponding EE is growing propor-
tionally and the resultant SE-EE tradeoff curve will be pushed outwards. Similar conclusion
applies to DE-EE tradeoff due to the limited deployment cost overhead. Following the same
procedures as in the MIMO scenario, the BW-PW and DL-PW tradeoff relations can be
derived accordingly.
If we take the circuit power into consideration in the EE analysis, we will have a linear
4In the practical systems, we can hardly find such rich scattering environment with more than one hundred specially
orthogonal channels. However, this issue can be partially compensated by deploying multiple distributed terminals, where
each terminal only equips a small number of antennas.
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Fig. 5. A research roadmap for energy efficient M-MIMO technology based on the fundamental green tradeoffs.
growth of static circuit power, which dominates the overall power consumption as shown in
Fig. 6. Therefore, we can no longer expect EE enhancement for M-MIMO systems unless
the efficiency of the auxiliary circuits can be improved [119]. In general, the total power
consumption increases although the transmit air interface power can be minimized with the
M-MIMO configuration.
2) Energy Efficient Solutions: To improve EE of the M-MIMO systems, we shall pay atten-
tion to several physical limitations, which may not be severe in the traditional MIMO scenario
and has been ignored before. Massive channel information acquisition and the associated pilot
power consumption are the first challenge since the resources for channel state acquisition is
in general limited and the accuracy of the channel estimation will directly affect the achievable
throughput as shown in [120]. In a frequency division duplexing (FDD) M-MIMO system,
the required pilot resources for channel state acquisition are proportional to the number of
the transmit antennas, which is unaffordable in the practical implementation. To solve this
issue, a pilot beamforming scheme has been demonstrated in [121] and a semi-orthogonal
pilot design approach has been proposed in [122] to reduce the pilot power consumption
and time-frequency resources, respectively. In a time division duplexing (TDD) M-MIMO
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Fig. 6. Power consumption analysis for M-MIMO systems and the scaling effects. In this analysis, we assume the total air
interface power (the sum radiated power of M-MIMO systems) is fixed to be 20W and equally distributed over all antenna
elements, e.g. if we have 100 antennas, the average radiated power for each antenna is 0.2W. We compare the per antenna
power and the total power consumption in sub-figure (a) and (b) respectively, where the air interface power, the static circuit
power (filter, duplexer, mixer and etc.), the dynamic PA power (calculated based on [17] and considered different PA types
according to the radiated power requirements) and the overall power. From the analytical results, we may observe a linear
power scaling relation with respect to the number of antennas.
system, channel reciprocity is applied for downlink transmission while the maximum number
of supporting users is often limited by the number of orthogonal pilot sequences in the
uplink direction. In order to fully utilize the M-MIMO capability, an efficient uplink pilot
sequence allocation scheme has been proposed in [123] to support more uplink transmissions.
Furthermore, uplink and downlink pilots and transmission strategies are joint designed in
[119] to maximize system EE. It has been shown that M-MIMO is the way to achieve high
EE (tens of Mbit/Joule) in future cellular networks. However, the pilot contamination (PC)
caused by reusing pilot resources across cells affects EE significantly, which implies the
necessity of actively mitigating pilot contamination in multi-cell systems.
The second challenge lies in the transceiver hardware impairments due to the non-identical
baseband and radio frequency components. Conventional MIMO systems adopt the antenna
calibration approach to deal with this effect. However, with the massive antenna settings,
the calibration process is usually time and energy consuming, proportional to the number
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of transmit antennas, and the residual distortions may accumulate to degrade the overall
EE performance. A brute-force solution to address this issue is to model the hardware
imperfectness as a degradation of receiving SINR and optimize the system EE based on
the mismatched results [124]. A more aggressive solution has been proposed in [125], where
the uplink channel measurement has been utilized for the downlink channel calibration in
the general MIMO system. In order to apply this technology in the M-MIMO systems, a fast
and scalable channel measuring scheme is still missing.
The last issue is that the highly dynamic output signals for the current M-MIMO transmis-
sion schemes require expensive and power inefficient RF components. This is because the
average transmit power per active antenna is greatly reduced with M-MIMO configuration,
yet the PAPR of the transmit signals cannot scale accordingly [126]. To address this issue,
low PAPR waveforms, such as FBMC, have been proposed for M-MIMO transmission in
[127].
3) Future Research Issues: Most of the energy efficient schemes in the regular MIMO
scenario can be extended to M-MIMO systems directly if the scalability issue does not play
a significant role. Besides the three physical limitations as mentioned in Section IV-B2, M-
MIMO systems may trigger the following scaling issues that requires non-trivial solutions,
as we have also demonstrated in the research roadmap in Fig. 5.
• How to design energy efficient schemes for massive signal processing? One of the design
challenges in M-MIMO systems is the huge amount of data for processing and the com-
putational complexity for channel estimation, equalization and other detection algorithms
that is generally proportional to the product of the transmit and the receive antenna
numbers. Energy efficient massive signal processing techniques, such as compressive
sensing for sparse signals and distributed storage algorithms, shall be jointly considered
to balance the computational delay, storage requirement, and power consumption.
• How to design energy efficient pilots for M-MIMO systems? Note that the pilot over-
head required by conventional channel estimation schemes will be unaffordable and
significantly affect the EE of M-MIMO systems. Thus, how to strike a balance between
the resources spent on pilots and data symbols from the EE perspective becomes a
critical problem [122], [124]. Several possible solutions are: 1) explore the inherent
sparsity of wireless channels with compressive sensing; 2) incremental pilot channel
estimation design to reduce the number of pilots; 3) smarter schemes to control the pilot
contamination without incurring additional energy consumption.
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• How to deploy M-MIMO systems more energy efficiently? The energy efficient deploy-
ment problem for M-MIMO systems shall also be addressed. For example, since M-
MIMO systems require strong power supply, to deploy them near the power station can
greatly reduce the power dissipation in the power transmission line. Meanwhile, how to
perform the frequency planning to reduce the power budget and control the inter-cell
interference for M-MIMO systems is another critical direction for future research.
V. HETEROGENEOUS NETWORKS
Another approach to facilitate the spatial densification is to apply heterogeneous archi-
tectures. In this section, similar to regular and massive MIMO technologies, we provide a
comprehensive overview on the energy efficient solutions for HetNets and UDNs using the
fundamental green tradeoffs. To fully exploiting diversity gain and achieving high SE and
EE, we focus on HetNets and UDNs with frequency reuse.
A. Heterogeneous Networks
A straight-forward way to address heterogeneity of wireless communications is to use
macro cells to provide the coverage and small cells to improve the hot-spot throughput. This
technology is typically called HetNets. Fundamental green tradeoff analysis for HetNet has
been addressed before and can be summarized as follows.
1) Theoretical Achievements: Without loss of generality, the ergodic capacity of the HetNet
can be written as,
CHetNet = W · E{hi}
[
max
i∈{1,2,...,Nc}
log2
(
1 +
Pi‖hi‖2
WN0 +
∑Nc
i′=1,i′ 6=i Pi′‖hi′‖2
)]
, (13)
where Nc is the number of cells and Pi is the transmit power of cell i. hi is the fading
coefficient between the user and the ith cell. Due to the HetNet architecture, we may have
peak throughput within small cells that incurs heterogeneous capacity layout for the network,
and area SE (ASE) [128]–[132] rather than SE is applied as the performance measure. ASE
addresses the fairness issues between the macro cells and the small cells by averaging over
the heterogeneous cell coverage and can be mathematically expressed as
ηASE = max
Pi≥0,
∑
i Pi=P
∫
A ηSE({Pi}, dA) · dA
|A| , (14)
where A denotes the interested heterogeneous coverage area and |A| is the area of A.
ηSE({Pi}, dA) = CHetNet/W is the SE achieved within the area of dA for a given transmit
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power set, {Pi}. Similarly, area EE (AEE) can be defined as the ratio of the ASE and the total
power consumption, P , i.e. ηAEE = ηASE/P [133]. For the SE-EE tradeoff characterization,
the power consumption, P , can be written as a function of ηASE through equation (14).
HetNet provides high throughput in hot-spot areas with marginal power resource, and
therefore, results in high ASE and AEE compared to the traditional homogeneous networks,
as verified in [134] and [135]. The same method can be applied for DE-EE, BW-PW and
DL-PW relations as well. The ASE improvement reveals better tradeoffs and lower power
consumption in the ideal case. In the practical environment, in addition to the circuit power
consumption as mentioned in many other scenarios, the deployment of small cells also incurs
extra operational expenditure for site maintenance, which reduces the DE performance as
shown in [136]. Meanwhile, HetNet provides the flexibility to allocate orthogonal or non-
orthogonal frequency bands for different cells and eventually improves the BW-PW tradeoff
since inter-cell interference can be controlled via proper frequency planning as explained in
[137] and [138]. It is also worth to mention that the delay performance for HetNet involves
heterogeneous queueing from macro and small cells, which is completely different from the
traditional homogeneous networks. The detailed DL-PW tradeoff analysis for HetNet can be
found in [139]. As a result, four fundamental tradeoff relations can be characterized by Fig.
1(c), where EE drops and PW raises in the low SE/DE and BW/DL regimes5 .
2) Energy Efficient Solutions: To improve the EE performance for HetNet and resolve
open issues raised in [16], various types of energy efficient solutions have been proposed
according to different time scales. Based on the operational time periods, we can categorize
them into the following three levels.
1) Short Time Scale - Resource Management via Scheduling & Load Balancing: In the
short time scale (e.g. seconds or minutes), one of the unique problems in heterogeneous
resource management is intra-cell interference among macro cells and small cells, where
the frequency (sub-channel/subcarrier) and power resources need to be balanced based
on the rate or QoS requirements. To fulfill the goal, the brute-forth solution is to
model intra-cell interference into the original radio resource management problem and
then perform resultant hybrid resource management [140], [141]. For example, the
intra-cell interference control for a two-tier HetNet using power management has been
5To be more precise, the performance behaviors of HetNets are highly depending on the actual user distributions,
mobilities, traffic variations and other factors. In this paper, we focus on the statistical results and ignore the instantaneous
traffic dynamics for illustration purpose.
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discussed in [140], where the small cell transmission power level is adjusted with
respect to the received power level from the nearest macro cell. In [141], a hybrid
approach has been proposed to jointly allocate the frequency and power resources,
where the frequency partitioning scheme is utilized through fractional frequency reuse
among macro and small cells. An alternative way is to turn the harmful inter-cell
interference into desired signal via macro-small cells cooperation. Coordinated multi-
point (CoMP) precoding has been proposed in [142] and [143] as one of the most
efficient solutions for cell cooperation to improve HetNet EE, where the zero-forcing
technique to control the interference is used in [142] and the multi-cell joint transmission
is utilized in [143] to maximize the weighted sum EE. Another approach for cell
cooperation is through dynamic user association and load-aware cell migration operation
[144]. The corresponding analytical framework has been developed for single radio
access technology (RAT) in [145] and [146] and for multi-RAT in [147], respectively.
Besides the above cell domain cooperation, opportunistic user domain cooperation has
been proposed for user load balancing in [148] as a complementary solution to improve
the HetNet EE.
2) Medium Time Scale - Topology Management via Cell Activation/De-Activation: In the
medium time scale (e.g. hours or days), HetNet architecture has a unique advantage to
activate/de-activate small cells to optimize EE according to the traffic dynamics since
the coverage issues can be well solved by macro cells. In [149], an EE optimization
framework has been developed for K-tier HetNets. Based on that, an energy efficient
cell sleeping policy to minimize network power consumption has been developed and
optimized. In [150], an enhanced cell activation/de-activation strategy has been proposed
to address the capacity gap by gradually adjusting the transmit power in order to
prevent from the call-drop events. Nevertheless, in commercial networks, the transition
for mobile users to migrate among different cells is usually time-consuming and the
signal exchange overhead is significant as well. Fortunately, the above strategy is usually
performed in the low traffic period, such as in mid-night.
3) Long Time Scale - Network Management via Cell Deployment: In the long time scale
(e.g. months or years), a meaningful question becomes how we shall deploy HetNet
more energy efficiently. As a starting point, a special topology has been considered in
[151], where all small cells are located around the reference macro cell, to improve
the cell edge throughput and system EE. By utilizing a simple uplink power adaptation
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scheme, 30% power can be reduced compared with macro-only networks. The topology
constraint is relaxed to arbitrarily deploy small cells for given macro cell locations in
[152]. The proposed energy efficient deployment strategy is able to improve EE by
40% to 65%. In [153]–[155], joint macro and small cell energy efficient deployment
has been investigated to minimize the overall HetNet power consumption. In particular,
the macro and small cell density adjustment has been proposed in [153] for two-tier
HetNet and its impacts on the network coverage performance has been evaluated in
[154]. In [155], the energy efficient deployment strategy has been extended to jointly
consider the partial spectrum reuse. With practical parameter settings, over 50% network
power consumption can be saved. In [156]–[158], some probabilistic techniques, such as
meta-heuristic algorithm and simulated annealing, have been also exploited to address
the cell deployment issue. Specifically, the numbers of required BSs and their locations
are optimized in [157] by using simulated annealing under different user distribution
scenarios. Then, similar problem is investigated in [158] in the presence of fixed open
femtocell access points (FAPs).
Moreover, the above energy efficient schemes can be combined together to provide better
tradeoffs. For example, cell de-activation needs to be integrated with load balancing for
the active calls [159]. The deployment of HetNets shall also consider the instantaneous
energy dynamics if renewable resources are applied [160]. Another interesting remark is
that long time scale user information can also help improve the short time scale adaptation
from the recent reports [161] and [162], e.g. the historical user behaviors allow the network
to opportunistically schedule the coordinated multicast transmission for EE enhancement.
We refer readers to Table III for an overall comparison. In summary, [134], [135], [140]–
[143] have provided EE-SE regions as well as specific resource allocation algorithms for
HetNets. The results in [137], [138], [155] shed lights on how to strike a balance between
bandwidth and power while meeting the users data rate requirements. In addition, some useful
guidances on green network deployment with or without BS switching can be found in [151]–
[153] and an effective approach to exploiting renewable energy to realize green HetNets has
been provided in [160]. Furthermore, a method to identify the relationship between power
consumption and packet delay has been developed in [139].
3) Future Research Issues: The EE evaluation for HetNets, as we have mentioned in the
previous part, relies on the statistical geometry theory to calculate the average SINR and
derive other green performance measures thereafter. However, there are only limited types
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TABLE III
TAXONOMY OF ENERGY EFFICIENT HETNET SCHEMES BASED ON THE FUNDAMENTAL GREEN TRADEOFFS
Ref. Main Tradeoff Technical Area DL/UL Contribution
[134], [135] SE-EE Theoretical Analysis DL Characterize the theoretical tradeoff curves
[136] DE-EE Theoretical Analysis DL Characterize the tradeoff curves with circuit power
[137], [138] BW-PW Theoretical Analysis DL Characterize the tradeoff curves with circuit power
[139] DL-PW Theoretical Analysis DL Characterize the tradeoff curves with circuit power
[140], [141] SE-EE Resource Management DL hybrid resource management with intra-cell interference
[142], [143] SE-EE Precoding Design DL Coordinated multi-point precoding for cell cooperation
[145]–[147] SE-EE, DE-EE User Scheduling DL Dynamic user association and load balancing for cell cooperation
[148] SE-EE User Scheduling DL/UL Opportunistic user cooperation for user load balancing
[149], [150] SE-EE, DE-EE Resource Management DL Energy efficient cell sleeping policy for cost minimization
[151]–[153] DE-EE Network Deployment DL/UL Energy efficient deployment strategy for power reduction
[155] BW-PW Network Deployment DL Energy efficient deployment with partial spectrum reuse
[154] DE-EE Network Deployment DL/UL Joint macro-small cell deployment strategy for coverage
[159] SE-EE, DE-EE Resource Management DL Hybrid load balancing and cell de-activation scheme
[160] DE-EE Network Deployment DL Efficient deployment strategy with renewable energy
[161], [162] SE-EE User Scheduling DL Coordinated multicast transmission using historical information
of base stations and limited locations to deploy in reality and the common assumption to
achieve fully randomized cell distribution and continuous SINR expression may fail. For
example, if we consider one reference macro cell with two small cells as shown in Fig. 7,
the continuity property of SINR function in the randomized topology no longer holds6 and
the EE optimal deployment problem becomes challenging. Another important issue is that the
control signaling delivery and exchange are usually underestimated by wireless researchers.
For instance, due to the requirements from user cell-selection/re-selection/handover, static
system information broadcasting shall be performed by every cell in the heterogeneous
coverage, which prevents from timely de-activation for energy saving. Hence, the following
6In the randomized topology, the SINR of the mobile user at a random distance can be modeled by a continuous function
based on the stochastic geometry theory [163]. However, in the practical network deployment with limited base station
types and locations, we may have some SINR gaps at the cell boundary as shown in Fig. 7, which cannot be described by
a simple continuous function as in the random topology case.
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Fig. 7. SINR distribution with the HetNet architecture. In this figure, the macro base station is located in the origin, and
two small cells are located in (0.5,±0.5) respectively. We applied the single frequency reuse strategy for the network, and
as shown in the figure, the SINR function may become non-continuous at the cell boundary.
research directions are recommended for more investigation.
• How to design low complexity EE optimal deployment schemes with limited base station
types and locations? In order to develop an analytical framework for EE optimal de-
ployment, we can use the mixed integer programming [164] to model the limited base
station types and locations. However, the optimal solution requires exhaustive search
over all possible combinations of base station types and locations, which is in general
complexity prohibited. Low complexity algorithms, such as branch-and-bound or branch-
and-cut [164], are useful directions to develop EE optimal deployment schemes, which
require more dedicated research efforts.
• How to control the signaling overhead and facilitate timely cell activation/de-activation?
No-cell concept with cloud radio access network (C-RAN) architecture [25] and the func-
tionality separation scheme [165] have just been proposed to address this issue. However,
the current solutions require perfect synchronization and complicated signaling exchange
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between macro cells (for coverage) and small cells (for throughput enhancement), which
presents from large scale deployment of this technology. Meanwhile, how to connect
with higher layer separation technologies, such as network functionality virtualization
(NFV) [166] and software defined network (SDN) [167], is still open and requires further
investigation.
B. Ultra Dense Network
Similar to M-MIMO, UDNs [38] can be regarded as a “massive” version of HetNets,
where small cells are densely deployed over hot-spot areas. With the UDN environment,
the coverage of each small cell is relatively small and the inter-cell interference with dense
neighboring cells is whitened, which makes the research on the fundamental green tradeoffs
easier.
1) Theoretical Achievements: By the ultra dense deployment assumption of small cells,
users in each small cell will experience a flat SINR environment and the ergodic capacity
formula for a UDN can be simplified from equation (13) as
CUDN = W · E{hi}
[
max
i∈{2,...,Nc}
log2
(
1 +
Pi‖hi‖2
WN0 + P1‖h1‖2 + µ(P − P1 − Pi)
)]
, (15)
where Nc is the number of small cells and P is the total transmit power of the macro cell
and small cells. For the illustration purpose, the individual transmit powers of the macro
cell and the small cell i are denoted as P1 and Pi, respectively. The whitening coefficient
denoted as µ jointly considers the whitened inter-cell interference of dense neighboring cells
and interference cancellation effect7. In (15), we ignore the capacity contribution from the
macro cell for brevity8. Similarly, ASE as expressed in (14), can be simplified as,
ηASE = max
Pi≥0,
∑Nc
i=1 Pi=P
∑Nc
i=2 ηSE ({Pi},Ai) · |Ai|
|A| . (16)
If we further consider the symmetric assumption for small cells, e.g. |Ai| and the distribution
of hi are identical for i ≥ 2, the above maximization can be achieved when all the small
7In the ideal case, if UDN network can perfectly cancel the interference from other neighboring cells, µ = 0 and the
ergodic capacity of UDN becomes the sum capacity of each individual small cell.
8In the UDN scenario, the ergodic capacity contributed by the macro cell is marginal due to the much deeper pathloss
fading if compared with small cells.
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cells transmit the same power, i.e., Pi = (P − P1)/(Nc − 1) for i ≥ 2. In that case,
ηASE = max
P1≥0
ηSE(P1) · (Nc − 1) |Ai|
|A| , (17)
where ηSE(P1) = CUDN/W can be determined through
ηSE(P1) = Ehi
[
log2
(
1 +
(P − P1)‖hi‖2
(Nc − 1)(WN0 + P1‖h1‖2) + µ(Nc − 2)(P − P1)
)]
. (18)
AEE analysis of a UDN follows the same procedure as the HetNet scenario and from
which the SE-EE tradeoff relation can be derived. Regarding DE-EE tradeoff, a UDN involves
additional deployment costs on site renting and infrastructure maintenance, which induces
DE drop in the high cell density scenario when ASE is saturated [168].
The BW-PW and DL-PW tradeoffs will be significantly improved due to its flexible
frequency reuse and distributive protocol management capability. With the circuit power
considered, proportional expending of the total network power consumption for a UDN will
not be surprising as illustrated in [38]. The overall network EE is saturated even if the
network ASE is scaling up. For power related tradeoffs, due to the circuit power overhead of
massively deployed small cells, we will have an enhancement in the total power consumption
of a UDN, which is more or less similar to the M-MIMO scenario.
2) Energy Efficient Solutions: To deliver an energy efficient UDN, one of the major con-
cerns is mobility management when fast moving entities passing through a UDN region. As
a legacy approach, frequent handover process will be triggered in this case, and the resultant
signaling overhead could be significant [165]. To overcome this obstacle, a functionality
separation scheme has been proposed in [165] to isolate the control process so that the
mobility issues are within the macro cells and the UDN is only utilized for throughput
boosting. A more aggressive approach is based on a user-centric design to visualize the
control-data decoupling, e.g. users could enjoy uplink/downlink transmission through user-
preferred cells in the UDN environment rather than scheduled cells in the conventional
systems. The tightly coupled user-cell relationship in this case is therefore detached. This is
so-called “no-cell concept” in [25] or hyper cellular network in [169].
Another major issue is large scale cooperation among massive UDN nodes, which includes
the challenges of massive information exchange and processing. Distributed interference
management based on local information coordination is a possible solution to minimize
the information exchange. For example, the range expansion and interference coordination
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has been proposed in [170] to balance the capacity distribution of massive small cells and
the distributed power control mechanism has been proposed in [171] for heterogeneous cell
coverage and in [172] and [173] for dynamic target SIR tracking. Joint cell association
and distributed power control scheme for interference minimization that has been originally
proposed in [174] for code division multiple access (CDMA) systems has been extended to an
energy efficient UDN in [175]. Another choice is to deal with ultra dense cooperative signal
processing using central cloud [25], where the strict round-trip delay requirement over front-
haul links is likely to be the performance bottleneck. In [176], the detailed delay requirement
and potential issues for front-haul processing in LTE advanced HetNet have been analyzed
and a joint design of baseband unit processing and front-haul transmission for a UDN has
been proposed in [177]. A holistic view of the above two solutions for large scale cooperation
in the UDN can be found in [178].
3) Future Research Issues: Similar to M-MIMO systems, we can apply most of the energy
efficient HetNet schemes to UDNs directly. In addition to the mobility management and large
scale cooperation issues as mentioned before, the following issues are also important for
energy efficient UDN design as summarized in Fig. 8.
• How to partition and schedule the computational tasks among UDN nodes? Due to the
massive deployment of UDN nodes, we cannot afford expensive hardware for every node.
An economic and energy efficient approach is to distribute the computational tasks over
the heterogeneous UDN nodes with different computational capabilities [177]. Thus,
an efficient and delay guaranteed computation partition and scheduling mechanism is
desired.
• How to design energy efficient implementation schemes with fast switching on/off capa-
bilities? Another implementation technique for energy efficient UDN is to provide fast
switching on/off capabilities. In the 5G scenario, wireless traffic profile and best match-
ing UDN architecture are highly dynamic while the legacy cell activation/de-activation
scheme for energy efficient HetNet with medium time scale is unable to support the
instantaneous adjustment [178]. Advanced hardware technologies and software system
control protocols to provide fast and frequent UDN node switching on/off capabilities
will be a promising direction.
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Fig. 8. A research roadmap for energy efficient UDN technology based on the fundamental green tradeoffs.
VI. OTHER TECHNOLOGIES
In the above, we have discussed EE related issues on some important technologies, in-
cluding OFDM and NOA, regular and massive MIMO, HetNets and UDNs. In this section,
we will briefly introduce EE for other techniques, including millimeter wave (mmWave)
communications and cognitive radios (CRs). Due to page limit, we are unable to include all
of advanced technologies, such as interference alignment, unlicensed Long Term Evolution
(LTE), and wireless power transfer. We refer interested readers to [179]–[188] for more
information.
MmWave communications [189] are promising for 5G networks, where the typical fre-
quency bands include 15GHz [24] and 28/38GHz [189]. With the help of massively aggre-
gated mmWave spectra, mmWave communications are able to provide significant throughput
gain over the traditional cellular systems. Due to low price of mmWave devices, the total
deployment cost of mmWave technology is expected to be sustainable, which makes it an at-
tractive solution for cost efficient throughput improvement. However, existing research results
for mmWave focus on the feasibility analysis [190]–[192] and the statistical channel models
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[193], [194] while energy efficient mmWave communications are still in the preliminary stage.
One possible solution is to reduce the power consumption of mmWave systems by sharing the
same RF components and antennas for multiple mmWave bands, and as illustrated in [190],
the overall power consumption for multiple mmWave bands will not scale up as the M-
MIMO or UDN case. Another energy efficient mmWave design is to use directional antenna
beams rather than energy inefficient omni-directional solutions, where the user mobility may
become an issue. A candidate solution is to invent fast and accurate beam tracking or selection
algorithms in [195] to avoid unnecessary waste of radio powers. In addition, the modulated
signal waveform will greatly affect the EE of mmWave systems. For example, if OFDM-type
of modulation is still used, the mmWave amplifier still suffers from high PAPR and leads to
harmful out of band emission. Therefore, investigating alternative approaches, such as single-
carrier schemes [196], will be worthwhile. Furthermore, the power consumption model should
be revisited to characterize the new features of the mmWave hardware. Besides, MmWave
communications can be combined with other technologies to achieve better EE performance.
One proposal [197], [198] is to jointly consider mmWave and M-MIMO systems since the
required inter-antenna spacing shrinks in mmWave bands and allows to integrate a lot more
antenna elements and form narrow beams to extend the coverage. A hybrid solution to
incorporate mmWave and UDN schemes is another possible way to deliver energy efficient
networks [199]–[201], where macro cells working at the low frequency band provide the
coverage layer and small cells working at mmWave bands contribute as the rate boosting
layer.
CR is another candidate technology for 5G communications. The SE-EE tradeoff for CR
networks has been analyzed in [202] and other EE related tradeoffs have been summarized
in [203]. Based on the fundamental green tradeoffs in CR networks, an energy efficient
design framework has been discussed in [204], which includes spectrum sensing, spectrum
sharing, and network deployment schemes. In particular, the energy efficient spectrum sensing
mechanisms have been studied in [205] and [206] to address the heterogeneous channel con-
ditions. In [207] and [208], user association and power control strategies for energy efficient
spectrum sharing have been discussed. In [209], an energy efficient deployment scheme
has been designed, which jointly considers dynamic interference management and network
coordination. By incorporating CR technology in the HetNet environment, the cognitive
spectrum can be efficiently shared between macro cells and small cells, and an energy efficient
resource allocation algorithm to fully exploit the cognitive capability has been proposed in
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[210]. The cognitive idea has also been extended to 5G networks, where we refer readers to
[211] for more discussion.
VII. CENTRALIZED OR DISTRIBUTED?
For future 5G communications, throughput, delay, connectivity, and other requirements are
all scaling with the order of 100 to 1,000 times while the energy consumption is not allowed
to scale up at the same speed. In this case, the EE target is becoming more critical for the
technology evolution than ever before. As characterized in Table IV however, the candidate
5G technologies fail to achieve proportional EE enhancement for large scale systems. The
existing isolated energy efficient schemes, as we have analyzed in the previous sections, may
conflict with each other, resulted in diminished EE gain. For example, energy efficient new
waveform design, if combined with M-MIMO or UDN systems, requires non-linear inter-
antenna interference cancellation [69]–[71] and is complexity and power hungry. Moreover,
5G communications target to support diversified applications with hundreds times of delay
and connectivity variations9 and energy efficient schemes for 5G networks require a careful
top-down design to fulfill the heterogeneous applications and requirements by exploiting
infrastructure, protocol, and implementation level heterogeneities. Therefore, whether to use
centralized or distributed techniques and how to combine them become very interesting.
A. Infrastructure
Due to the massively connected devices, the actual traffic for 5G networks will not only
scale up in volume but also in dynamics. To deal with this effect, the fundamental solution
is to introduce the network heterogeneity, where the baseband processing is centralized at
the server pool and the radio frequency functionality is distributed over the whole network.
Through this approach, the communication tasks will be decoupled into two parts: information
processing in baseband and information transportation in radio frequency. In the information
processing part, the computational capability and power for baseband processing can scale
with the chipset evolution and enjoy the benefits of Moore’s Law [212]. In the information
communication part, the radio frequency components can be massively deployed to increase
the transportation distance, and adopt tailor-made design based on traffic types and the
activation/de-activation strategies based on the traffic variation.
9For example, in the vehicle-to-vehicle applications, the round-trip delay for communication systems shall be controlled
within 1 millisecond while in the smart metering applications, second level delay can be tolerated [23].
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TABLE IV
FUNDAMENTAL GREEN TRADEOFFS FOR KEY 5G TECHNOLOGIES
Tradeoffs SE-EE / DE-EE BW-PW / DL-PW
SE: Increase with the number of users BW: Decrease with the number of users
and become saturated for large scale case and become saturated for large scale case
NOA DE: Increase for small number of users DL: Decrease with the number of users
and decrease for large number of users and become saturated for large scale case
EE: Increase for small number of users PW: Decrease for small number of users
and decrease for large number of users and increase for large number of users
SE: Increase with the number of antennas BW: Decrease with the number of antennas
and become saturated for large scale case and become saturated for large scale case
M-MIMO DE: Increase for small number of antennas DL: Decrease with the number of antennas
and decrease for large number of antennas and become saturated for large scale case
EE: Increase for small number of antennas PW: Decrease for small number of antennas
and decrease for large number of antennas and increase for large number of antennas
SE: Increase with the number of small cells BW: Decrease with the number of small cells
DE: Increase with the number of small cells DL: Decrease with the number of small cells
UDN and become saturated for large scale case and become saturated for large scale case
EE: Increase with the number of small cells PW: Decrease with the number of small cells
and become saturated for large scale case and become saturated for large scale case
B. Protocol
In the protocol level, the traditional control and user signaling are coupled together in order
to control the transmission delay and balance the reliability. With diversified applications of
5G networks, a single solution to cover all throughput, delay, and connectivity requirements
is not feasible. Meanwhile, the evolution on software defined property for backhaul networks,
such as network function virtualization (NFV) [166] and software defined network (SDN)
[167], has triggered the radio access networks to merge with the same trend [165], [169]
and has been therefore presented as key technologies with great potential in terms of green
networking. However, SDN switching devices may not directly provide benefits in energy
reduction in operating networks while SDN could provide significant promises in reducing
network-wide energy consumption [213]. For example, As a proof, energy-aware data link
adaptation has been demonstrated in [214] with SDN. Specifically, a mechanism to determine
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minimum data links and switching devices for a data center network is proposed based on
traffic loads and dynamically power down redundant links and switching devices for energy
efficient operations. A heterogeneous protocol solution with centralized control plane and
separated user plane to accommodate heterogeneous wireless applications is thus required.
Based on this framework, the mobility management across heterogeneous wireless standards
can be performed via a unified control plane to provide seamless user experience [215] and
the user plane protocols/standards can be adjusted based on the heterogeneous requirements
and implemented via a software defined environment.
C. Implementation
To cope with the heterogeneous applications in 5G networks, a homogeneous implemen-
tation principle only relying on software defined properties may fail to achieve the best
EE performance because the dynamic circuit power of the homogeneous hardware system
is proportional to the square of clock frequency [216] and causes overwhelming energy
consumption when running on non-urgent applications. Inspired by the HetNet infrastructure
and protocol, we propose to use the heterogeneous implementation framework with a cloud-
based centralized computing platform and several types of separated plug-in accelerators10.
This idea takes the advantage of high performance energy efficient computing for most of
common applications while tackling the extreme cases using specific hardware structures.
Meanwhile, we can utilize the programmable features for part of hardwares to quickly adapt
and optimize for changing protocols and applications to avoid unnecessary hardware and
energy costs.
VIII. CONCLUSIONS
In this article, we have provided a comprehensive survey on the research progress on
fundamental green tradeoffs of typical 4G and 5G communication technologies, including
OFDM and NOA, regular and massive MIMO, HetNets and UDNs. Theoretical achievements
as well as practical energy efficient schemes have been summarized according to the tradeoff
framework, followed by some in-depth analysis on the open technical issues. With the
explosive demands for high data rate and massive connections, 5G networks will experience
10For instance, general purpose graphical processing units (GPGPU), field programmable gate array (FPGA) and
application specific integrated circuits (ASIC) can be regarded as different types of accelerators for parallel processing,
reconfigurable computing and customized operations respectively.
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a fundamental breakthrough in all related aspects, where we believe the fundamental green
tradeoffs shall be evaluated as a key enabler to keep the affordable energy consumption.
REFERENCES
[1] GreenTouch, ICT industry combats climate change, GreenTouch, 2011. [Online]. Available: http://www.greentouch.
org/index.php?page=how-the-ict-industries-can-help-the-world-combat-climate-change
[2] X. Xia and Q. Liang, “Latency-aware and energy efficiency tradeoffs for wireless sensor networks,” in Proc. of IEEE
Int. Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC), vol. 3, 2004, pp. 1782–1786.
[3] S. Cui, R. Madan, A. Goldsmith, and S. Lall, “Energy-delay tradeoffs for data collection in tdma-based sensor
networks,” in Proc. of IEEE Int. Conf. on Commun. (ICC), vol. 5, 2005, pp. 3278–3284.
[4] N. Heo and P. K. Varshney, “Energy-efficient deployment of intelligent mobile sensor networks,” IEEE Trans. on
Systems, Man and Cybernetics, Part A: Systems and Humans,, vol. 35, no. 1, pp. 78–92, 2005.
[5] C. Bae and W. E. Stark, “A tradeoff between energy and bandwidth efficiency in wireless networks,” in IEEE Military
Commun. Conf. (MILCOM), 2007, pp. 1–7.
[6] M. J. Neely, “Optimal energy and delay tradeoffs for multiuser wireless downlinks,” IEEE Trans. Inf. Theory, vol. 53,
no. 9, pp. 3095–3113, 2007.
[7] W. L. Leow and H. Pishro-Nik, “Delay and energy tradeoff in multi-state wireless sensor networks,” in Proc. of
IEEE Global Commun. Conf. (Globecom), 2007, pp. 1028–1032.
[8] M. Brand and A. F. Molisch, “Delay-energy tradeoffs in wireless ad-hoc networks with partial channel state
information,” in Proc. of IEEE Global Commun. Conf. (Globecom), 2008, pp. 1–6.
[9] F. Meshkati, H. V. Poor, and S. C. Schwartz, “Energy efficiency-delay tradeoffs in cdma networks: A game-theoretic
approach,” IEEE Trans. Inf. Theory, vol. 55, no. 7, pp. 3220–3228, 2009.
[10] T. W. Ban, W. Choi, and D. K. Sung, “Capacity and energy efficiency of multi-user spectrum sharing systems with
opportunistic scheduling,” IEEE Trans. Wireless Commun., vol. 8, no. 6, pp. 2836–2841, 2009.
[11] M. Chen, V. Leung, S. Mao, Y. Xiao, and I. Chlamtac, “Hybrid geographic routing for flexible energy-delay tradeoff,”
IEEE Trans. Veh. Technol., vol. 58, no. 9, pp. 4976–4988, 2009.
[12] F. Richter, A. J. Fehske, and G. P. Fettweis, “Energy efficiency aspects of base station deployment strategies for
cellular networks,” in IEEE Vehicular Technology Conference (VTC), 2009, pp. 1–5.
[13] T. Predojev, J. Alonso-Zarate, and M. Dohler, “Energy-delay tradeoff analysis in embedded M2M networks with
channel coding,” in Proc. of IEEE Int. Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC), 2010, pp.
2733–2738.
[14] J.-M. Gorce, R. Zhang, K. Jaffres-Runser, and C. Goursaud, “Energy, latency and capacity trade-offs in wireless
multi-hop networks,” in Proc. of IEEE Int. Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC), 2010,
pp. 2757–2762.
[15] M.-R. Ra, J. Paek, A. B. Sharma, R. Govindan, M. H. Krieger, and M. J. Neely, “Energy-delay tradeoffs in smartphone
applications,” in Proc. of Mobile systems, applications, and services. ACM, 2010, pp. 255–270.
[16] Y. Chen, S. Zhang, S. Xu, and G. Y. Li, “Fundamental tradeoffs on green wireless networks,” IEEE Commun. Mag.,
vol. 49, no. 6, pp. 30 – 37, Jun. 2011.
[17] G. Auer and et. al., “Energy efficiency analysis of the reference systems, areas of improvements and target
breakdown,” Energy Aware Radio and neTwork tecHnologies (EARTH), Deliverable 2.3, Jan. 2012.
[18] E. Hossain, V. K. Bhargava, and G. P. Fettweis, Green radio communication networks. Cambridge University Press,
2012.
April 28, 2016 DRAFT
38
[19] J. Wu, S. Rangan, and H. Zhang, Green communications: theoretical fundamentals, algorithms and applications.
CRC Press, 2012.
[20] F. R. Yu, X. Zhang, and V. C. Leung, Green communications and networking. CRC Press, 2012.
[21] M. S. Obaidat, A. Anpalagan, and I. Woungang, Handbook of green information and communication systems.
Academic Press, 2012.
[22] “Best readings in green communications,” Available:http://www.comsoc.org/best-readings/green-communications.
[23] A. Osseiran and et al., “The METIS 2020 project – laying the foundation of 5G”, METIS 2020, Nov. 2012.
[Online]. Available: https://www.metis2020.com/
[24] Ericsson, 5G: what is it?, Ericsson, Oct. 2014. [Online]. Available: http://www.ericsson.com/res/docs/2014/
5g-what-is-it.pdf
[25] C.-L. I, C. Rowell, S. Han, Z. Xu, G. Li, and Z. Pan, “Towards green and soft: a 5G perspective,” IEEE Commun.
Mag., vol. 52, no. 2, pp. 66 – 73, Feb. 2014.
[26] G. Y. Li and et. al., “Energy-efficient wireless communications: tutorial, survey, and open issues,” IEEE Wireless
Commun. Mag., vol. 18, no. 6, pp. 28 – 35, Dec. 2011.
[27] A. Bianzino, C. Chaudet, D. Rossi, and J. Rougier, “A survey of green networking research,” IEEE Commun. Surveys
Tuts., vol. 14, no. 1, pp. 3 – 20, First Quarter 2012.
[28] D. Feng, C. Jiang, L. J. Cimini, G. Feng, and G. Y. Li, “A survey of energy-efficient wireless communications,”
IEEE Commun. Surveys Tuts., vol. 15, no. 1, pp. 167 – 178, First Quarter 2013.
[29] J. B. Rao and A. O. Fapojuwo, “A survey of energy efficient resource management techniques for multicell cellular
networks,” IEEE Commun. Surveys Tuts., vol. 16, no. 1, pp. 154 – 180, First Quarter 2014.
[30] J. Wu, Y. Zhang, M. Zukerman, and E. K.-N. Yung, “Energy-efficient base stations sleep mode techniques in green
cellular networks: a survey,” IEEE Commun. Surveys Tuts., vol. 17, pp. 1 – 24, to appear in 2015.
[31] L. Budzisz and et. al., “Dynamic resource provisioning for energy efficiency in wireless access networks: a survey
and an outlook,” IEEE Commun. Surveys Tuts., vol. 16, no. 4, pp. 2259 – 2285, Fourth Quarter 2014.
[32] K. Davaslioglu and E. Ayanoglu, “Quantifying potential energy efficiency gain in green cellular wireless networks,”
IEEE Commun. Surveys Tuts., vol. 16, no. 4, pp. 2065 – 2091, Fourth Quarter 2014.
[33] Z. Hasan, H. Boostanimehr, and V. K. Bhargava, “Green cellular networks: a survey, some research issues and
challenges,” IEEE Commun. Surveys Tuts., vol. 13, no. 4, pp. 524 – 540, Fourth Quarter 2011.
[34] D. Bharadia, E. McMilin, and S. Katti, “Full duplex radios,” in Proc. of the ACM SIGCOMM Conf., Hong Kong,
China, Aug. 2013, pp. 375 – 386.
[35] D. Feng and et. al., “Device-to-device communications underlaying cellular networks,” IEEE Trans. Commun., vol. 61,
no. 8, pp. 3541 – 3551, Aug. 2013.
[36] Z. Ding, Z. Yang, P. Fan, and H. V. Poor, “On the performance of non-orthogonal multiple access in 5G systems
with randomly deployed users,” IEEE Signal Process. Lett., vol. 21, no. 12, pp. 1501 – 1505, Dec. 2014.
[37] L. Lu, G. Y. Li, A. L. Swindlehurst, A. Ashikhmin, and R. Zhang, “An overview of massive MIMO: benefits and
challenges,” IEEE J. Sel. Topics in Signal Process., vol. 8, no. 5, pp. 742 – 758, Oct. 2014.
[38] S. F. Yunas, M. Valkama, and J. Niemla, “Spectral and energy efficiency of ultra-dense networks under different
deployment strategies,” IEEE Commun. Mag., vol. 53, no. 1, pp. 90 – 100, Jan. 2015.
[39] R. van Nee and R. Prasad, OFDM for Wireless Multimedia Communications. Boston, MA: Artech House, 2000.
[40] Z. Wang and G. B. Giannakis, “Wireless multicarrier communications,” IEEE Signal Process. Mag., vol. 17, no. 3,
pp. 29 – 48, Jun. 2000.
[41] D. W. K. Ng, E. S. Lo, and R. Schober, “Energy-efficient resource allocation in OFDMA systems with hybrid energy
harvesting base station,” IEEE Trans. Wireless Commun., vol. 12, no. 7, pp. 3412–3427, Jul. 2013.
April 28, 2016 DRAFT
39
[42] ——, “Energy-efficient resource allocation for secure OFDMA systems,” IEEE Trans. Veh. Technol., vol. 61, no. 6,
pp. 2572–2585, Jul. 2012.
[43] ——, “Energy-efficient resource allocation in OFDMA systems with large numbers of base station antennas,” IEEE
Trans. Wireless Commun., vol. 11, no. 9, pp. 3292–3304, Sep. 2012.
[44] ——, “Energy-efficient resource allocation in multi-cell OFDMA systems with limited backhaul capacity,” IEEE
Trans. Wireless Commun., vol. 11, no. 10, pp. 3618–3631, 2012.
[45] C. Xiong, G. Y. Li, S. Zhang, Y. Chen, and S. Xu, “Energy- and spectral-efficiency tradeoff in downlink OFDMA
networks,” IEEE Trans. Wireless Commun., vol. 10, no. 11, pp. 3874 – 3886, Nov. 2011.
[46] ——, “Energy-efficient resource allocation in OFDMA networks,” IEEE Trans. Commun., vol. 60, no. 12, pp. 3767
– 3778, Dec. 2012.
[47] S. Luo, R. Zhang, and T. J. Lim, “Joint transmitter and receiver energy minimization in multiuser OFDM systems,”
IEEE Trans. Commun., vol. 62, no. 10, pp. 3504 – 3516, Oct. 2014.
[48] Q. Wu, W. Chen, M. Tao, J. Li, H. Tang, and J. Wu, “Resource allocation for joint transmitter and receiver energy
efficiency maximization in downlink OFDMA systems,” IEEE Trans. Commun., vol. 63, no. 2, pp. 416–430, Feb.
2015.
[49] Q. Wu, M. Tao, and W. Chen, “Joint Tx/Rx energy-efficient scheduling in multi-radio wireless networks: A divide-
and-conquer approach,” IEEE Trans. Wireless Commun., to appear, 2015.
[50] G. Miao, N. Himayat, and G. Y. Li, “Energy-efficient link adaptation in frequency-selective channels,” IEEE Trans.
Commun., vol. 58, no. 2, pp. 545 – 554, Feb. 2010.
[51] Z. Xu, G. Y. Li, C. Yang, S. Zhang, Y. Chen, and S. Xu, “Energy-efficient power allocation for pilots in training-based
downlink OFDMA systems,” IEEE Trans. Commun., vol. 60, no. 10, pp. 3047 – 3058, Oct. 2012.
[52] Z. Ren, S. Chen, B. Hu, and W. Ma, “Energy-efficient resource allocation in downlink OFDM wireless systems with
proportional rate constraints,” IEEE Trans. Veh. Technol., vol. 63, no. 5, pp. 2139 – 2150, Jun. 2014.
[53] J. Tang and X. Zhang, “Cross-layer-model based adaptive resource allocation for statistical QoS guarantees in mobile
wireless networks,” IEEE Trans. Wireless Commun., vol. 7, no. 6, pp. 2318 – 2328, Jun. 2008.
[54] C. Xiong, G. Y. Li, Y. Liu, Y. Chen, and S. Xu, “Energy-efficient design for downlink OFDMA with delay-sensitive
traffic,” IEEE Trans. Wireless Commun., vol. 12, no. 6, pp. 3085 – 3095, Jun. 2013.
[55] X. Zhang and J. Tang, “Power-delay tradeoff over wireless networks,” IEEE Trans. Commun., vol. 61, no. 9, pp.
3673 – 3685, Sep. 2013.
[56] B. Ji, G. R. Gupta, X. Lin, and N. B. Shroff, “Low-complexity scheduling policies for achieving throughput and
asymptotic delay optimality in multichannel wireless networks,” IEEE/ACM Trans. Netw., vol. 22, no. 6, pp. 1911 –
1924, Dec. 2014.
[57] V. K. N. Lau and C. H. Koh, “Tradeoff analysis of delay-power-CSIT quality of dynamic backpressure algorithm
for energy efficient OFDM systems,” IEEE Trans. Signal Process., vol. 60, no. 8, pp. 4254 – 4263, Aug. 2012.
[58] Y. Cui, V. K. N. Lau, R. Wang, H. Huang, and S. Zhang, “A survey on delay-aware resource control for wireless
systems – large deviation theory, stochastic Lyapunov drift, and distributed stochastic learning,” IEEE Trans. Inf.
Theory, vol. 58, no. 3, pp. 1677 – 1701, Sep. 2012.
[59] G. Miao, N. Himayat, G. Y. Li, and S. Talwar, “Low-complexity energy-efficient scheduling for uplink OFDMA,”
IEEE Trans. Commun., vol. 60, no. 1, pp. 112 – 120, Jan. 2012.
[60] D. J. Decheme and A. Shami, “Energy-aware resource allocation strategies for LTE uplink with synchronous HARQ
constraints,” IEEE Trans. Mobile Comput., vol. 13, no. 2, pp. 422 – 433, Feb. 2014.
[61] S. Buzzi, G. Colavolpe, D. Saturnino, and A. Zappone, “Potential games for energy-efficient power control and
April 28, 2016 DRAFT
40
subcarrier allocation in uplink multicell OFDMA systems,” IEEE J. Sel. Topics Signal Process., vol. 6, no. 2, pp. 89
– 103, Apr. 2012.
[62] T. Jiang, C. Li, and C. Ni, “Effect of PAPR reduction on spectrum and energy efficiencies in OFDM systems with
class-A HPA over AWGN channel,” IEEE Trans. Broadcast., vol. 59, no. 3, pp. 513 – 519, Sep. 2013.
[63] J. Joung, C. K. Ho, and S. Sun, “Spectral efficiency and energy efficiency of OFDM systems: impact of power
amplifiers and countermeasures,” IEEE J. Sel. Areas Commun., vol. 32, no. 2, pp. 208 – 220, Feb. 2014.
[64] S. Hong and et. al., “Applications of self-interference cancellation in 5G and beyond,” IEEE Commun. Mag., vol. 52,
no. 2, pp. 114 – 121, Feb. 2014.
[65] H. Kim and et. al., “Optimal power allocation and outage analysis for cognitive full duplex relay systems,” IEEE
Trans. Wireless Commun., vol. 11, no. 10, pp. 3754 – 3765, Oct. 2012.
[66] D. Nguyen and et. al., “On the spectral efficiency of full-duplex small cell wireless systems,” IEEE Trans. Wireless
Commun., vol. 13, no. 9, pp. 4896 – 4910, Sep. 2014.
[67] Y. Saito, Y. Kishiyama, A. Benjebbour, T. Nakamura, A. Li, and K. Higuchi, “Non-orthogonal multiple access
(NOMA) for cellular future radio access,” in Proc. of IEEE Int. Symp. on Personal, Indoor and Mobile Radio
Commun. (PIMRC), London, Sep. 2013, pp. 611 – 615.
[68] Z. Zhou and et. al., “Energy efficiency and spectral efficiency tradeoff in device-to-device (D2D) communications,”
IEEE Wireless Commu. Lett., vol. 3, no. 5, pp. 485 – 488, Oct. 2014.
[69] N. Michailow and et. al., “Generalized frequency division multiplexing for 5th generation cellular networks,” IEEE
Commun. Mag., vol. 62, no. 9, pp. 3045 – 3061, Sep. 2014.
[70] M. Caus and A. I. Perez-Neira, “Multi-stream transmission for highly frequency selective channels in MIMO-
FBMC/OQAM systems,” IEEE Trans. Signal Process., vol. 62, no. 4, pp. 786 – 796, Feb. 2014.
[71] J. G. Andrews, S. Buzzi, and et. al., “What will 5G be?” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1065 –
1082, Jun. 2014.
[72] G. Wunder and et. al., “5GNOW: non-orthogonal, asynchronous waveforms for future mobile applications,” IEEE
Commun. Mag., vol. 52, no. 2, pp. 97 – 105, Feb. 2014.
[73] L. Dai and et. al., “Non-orthogonal multiple access for 5G: solutions, challenges, opportunities, and future research
trends,” IEEE Commun. Mag., vol. 53, no. 9, pp. 74 – 81, Sep. 2015.
[74] T. A. Levanen and et. al., “Radio interface evolution towards 5G and enhanced local area communications,” IEEE
Access, vol. 2, pp. 1005 – 1029, Oct. 2014.
[75] D. Feng and et. al., “Device-to-device communications in cellular networks,” IEEE Commun. Mag., vol. 52, no. 4,
pp. 49 – 55, Apr. 2014.
[76] J. Liu, N. Kato, J. Ma, and N. Kadowaki, “Device-to-device communication in lte-advanced networks: a survey,”
IEEE Commun. Surveys Tuts., vol. 17, no. 4, pp. 1923–1940, Fourth Quarter 2015.
[77] P. Mach, Z. Becvar, and T. Vanek, “In-band device-to-device communication in ofdma cellular networks: A survey
and challenges,” IEEE Commun. Surveys Tuts., vol. 17, no. 4, pp. 1885–1922, FOURTH QUARTER 2015.
[78] L. Wei, R. Hu, Y. Qian, and G. Wu, “Enable device-to-device communications underlaying cellular networks:
challenges and research aspects,” IEEE Commun. Mag., vol. 52, no. 6, pp. 90–96, 2014.
[79] D. Feng, G. Yu, C. Xiong, Y. Yuan-Wu, G. Y. Li, G. Feng, and S. Li, “Mode switching for energy-efficient device-
to-device communications in cellular networks,” Wireless Communications, IEEE Transactions on, vol. 14, no. 12,
pp. 6993–7003, 2015.
[80] K. Akkarajitsakul, P. Phunchongharn, E. Hossain, and V. K. Bhargava, “Mode selection for energy-efficient D2D
communications in LTE-advanced networks: A coalitional game approach,” in IEEE International Conference on
Communication Systems (ICCS), 2012, pp. 488–492.
April 28, 2016 DRAFT
41
[81] D. Della Penda, L. Fu, and M. Johansson, “Mode selection for energy efficient D2D communications in dynamic
TDD systems,” in Proc. of IEEE Int. Conf. on Commun. (ICC). IEEE, 2015, pp. 5404–5409.
[82] T. D. Hoang, L. B. Le, and T. Le-Ngoc, “Energy-efficient resource allocation for D2D communications in cellular
networks,” in Proc. of IEEE Int. Conf. on Commun. (ICC), 2015, pp. 2251–2256.
[83] ——, “Dual decomposition method for energy-efficient resource allocation in D2D communications underlying
cellular networks,” Proc. of IEEE Global Commun. Conf. (Globecom), 2015.
[84] Z. Wei, X. Zhu, S. Sun, Y. Huang, L. Dong, and Y. Jiang, “Full-duplex versus half-duplex amplify-and-forward
relaying: Which is more energy efficient in 60-ghz dual-hop indoor wireless systems?” IEEE J. Sel. Areas Commun.,
vol. 33, no. 12, pp. 2936–2947, 2015.
[85] D. Nguyen, L.-N. Tran, P. Pirinen, and M. Latva-aho, “Precoding for full duplex multiuser MIMO systems: Spectral
and energy efficiency maximization,” IEEE Trans. Signal Process., vol. 61, no. 16, pp. 4038–4050, 2013.
[86] G. Liu, F. R. Yu, H. Ji, and V. Leung, “Energy-efficient resource allocation in cellular networks with shared full-duplex
relaying,” IEEE Trans. Veh. Technol., vol. 64, no. 8, pp. 3711–3724, Aug. 2015.
[87] H. Chen, G. Li, and J. Cai, “Spectral–energy efficiency tradeoff in full-duplex two-way relay networks,” 2015.
[88] M. Maso, C.-F. Liu, C.-H. Lee, T. Q. Quek, and L. S. Cardoso, “Energy-recycling full-duplex radios for next-
generation networks,” IEEE J. Sel. Areas Commun., vol. 33, no. 12, pp. 2948–2962, 2015.
[89] Y. Zeng and R. Zhang, “Full-duplex wireless-powered relay with self-energy recycling,” IEEE Wireless Commu. Lett.,
vol. 4, no. 2, pp. 201–204, 2015.
[90] Y. Dong, H. Zhang, M. J. Hossain, J. Cheng, and V. C. Leung, “Energy efficient resource allocation for ofdma full
duplex distributed antenna systems with energy recycling,” Proc. of IEEE Global Commun. Conf. (Globecom).
[91] M. Al-Kadri, A. Aijaz, and A. Nallanathan, “An energy-efficient full-duplex mac protocol for distributed wireless
networks,” IEEE Wireless Commu. Lett.
[92] X. Jia, P. Deng, L. Yang, and H. Zhu, “Spectrum and energy efficiencies for multiuser pairs massive mimo systems
with full-duplex amplify-and-forward relay,” Access, IEEE, vol. 3, pp. 1907–1918, 2015.
[93] A. El Shafie and T. Khattab, “Energy-efficient cooperative relaying protocol for full-duplex cognitive radio users and
delay-aware primary users,” in IEEE Computing, Networking and Communications (ICNC), 2015, pp. 207–213.
[94] Y. Sun, D. W. K. Ng, J. Zhu, and R. Schober, “Multi-objective optimization for robust power efficient and secure
full-duplex wireless communication systems,” arXiv preprint arXiv:1509.01425, 2016.
[95] D. W. K. Ng, Y. Wu, and R. Schober, “Power efficient resource allocation for full-duplex radio distributed antenna
networks,” 2015.
[96] F. Heliot, M. A. Imran, and R. Tafazonlli, “On the energy efficiency-spectral efficiency trade-off over the MIMO
rayleigh fading channel,” IEEE Trans. Commun., vol. 60, no. 5, pp. 1345 – 1356, May 2012.
[97] O. Onireti, F. Heliot, and M. A. Imran, “On the energy efficiency-spectral efficiency trade-off of distributed MIMO
systems,” IEEE Trans. Commun., vol. 61, no. 9, pp. 3741 – 3753, Sep. 2013.
[98] Z. Xu, C. Yang, G. Y. Li, S. Zhang, Y. Chen, and S. Xu, “Energy-efficient configuration of spatial and frequency
resources in MIMO-OFDMA systems,” IEEE Trans. Commun., vol. 61, no. 2, pp. 564 – 575, Feb. 2013.
[99] E. V. Belmega and S. Lasaulce, “Energy-efficient precoding for multiple-antenna terminals,” IEEE Trans. Signal
Process., vol. 59, no. 1, pp. 329 – 340, Jan. 2011.
[100] V. S. Varma, S. Lasaulce, M. Debbah, and S. E. Elayoubi, “An energy-efficient framework for the analysis of MIMO
slow fading channels,” IEEE Trans. Signal Process., vol. 61, no. 10, pp. 2647 – 2659, Oct. 2013.
[101] X. Hong, Y. Jie, C.-X. Wang, J. Shi, and X. Ge, “Energy-spectral efficiency trade-off in virtual MIMO cellular
systems,” IEEE J. Sel. Areas Commun., vol. 31, no. 10, pp. 2128 – 2140, Oct. 2013.
April 28, 2016 DRAFT
42
[102] J. Jiang, M. Dianati, M. A. Imran, R. Tafazonlli, and S. Zhang, “Energy-efficiency analysis and optimization for
virtual-MIMO systems,” IEEE Trans. Veh. Technol., vol. 63, no. 5, pp. 2272 – 2283, May 2014.
[103] J. Joung and S. Sun, “Energy efficient power control for distributed transmitters with ZF-based multiuser MIMO
precoding,” IEEE Commun. Lett., vol. 17, no. 9, pp. 1766 – 1769, Sep. 2013.
[104] L. Liu, G. Miao, and J. Zhang, “Energy-efficient scheduling for downlink multi-user MIMO,” in Proc. of IEEE Int.
Conf. on Commun. (ICC), Ottawa, Canada, Jun. 2012, p. 4394.
[105] X. Zhang, S. Zhou, Z. Niu, and X. Lin, “An energy-efficient user scheduling for multiuser MIMO systems with RF
chain sleeping,” in Proc. of IEEE Wireless Commun. and Netw. Conf. (WCNC), Shanghai, China, Apr. 2013, pp. 169
– 174.
[106] O. Onireti, F. Heliot, and M. A. Imran, “On the energy efficiency-spectral efficiency trade-off in the uplink of CoMP
system,” IEEE Trans. Wireless Commun., vol. 11, no. 2, pp. 556 – 561, Feb. 2012.
[107] G. Miao, “Energy-efficient uplink multi-user MIMO,” IEEE Trans. Wireless Commun., vol. 12, no. 5, pp. 2302 –
2313, May 2013.
[108] Y. Rui, Q. Zhang, L. Deng, P. Cheng, and M. Li, “Mode selection and power optimization for energy efficiency in
uplink virtual MIMO systems,” IEEE J. Sel. Areas Commun., vol. 31, no. 5, pp. 926 – 936, May 2013.
[109] G. Brante, I. Stupia, R. D. Souza, and L. Vandendorpe, “Outage probability and energy efficiency of cooperative
MIMO with antenna selection,” IEEE Trans. Wireless Commun., vol. 12, no. 11, pp. 5896 – 5907, Nov. 2013.
[110] O. K. Rayel, G. Brante, J. L. Rebelatto, R. D. Souza, and M. A. Imran, “Energy efficiency-spectral efficiency trade-off
of transmit antenna selection,” IEEE Trans. Commun., vol. 62, no. 12, pp. 4293 – 4303, Dec. 2014.
[111] M. D. Renzo, H. Haas, A. Ghrayeb, S. Sugiura, and L. Hanzo, “Spatial modulation for generalized MIMO: challenges,
opportunities, and implementation,” Proc. IEEE, vol. 102, no. 1, pp. 56 – 103, Jan. 2014.
[112] H. Lee and A. Paulraj, “MIMO systems based on modulation diversity,” IEEE Trans. Commun., vol. 58, no. 12, pp.
3405 – 3409, Dec. 2010.
[113] M. Nicolaou and et. al., “MIMO techniques for green radio guaranteeing QoS,” J. of Commun. and Netw., vol. 10,
no. 2, pp. 130 – 139, Apr. 2010.
[114] Y. Cui, V. K. N. Lau, and Y. Wu, “Delay-aware BS discontinuous transmission control and user scheduling for energy
harvesting downlink coordinated MIMO systems,” IEEE Trans. Signal Process., vol. 60, no. 7, pp. 3786 – 3795, Jul.
2012.
[115] A. He and et. al., “Power consumption minimization for MIMO systems - a cognitive radio approach,” IEEE J. Sel.
Areas Commun., vol. 29, no. 2, pp. 469 – 479, Feb. 2011.
[116] J. Chen and T. G. Pratt, “Energy efficiency of space and polarization MIMO communications with packet erasures
over wireless fading channels,” IEEE Trans. Wireless Commun., vol. 13, no. 12, pp. 6557 – 6569, Dec. 2014.
[117] Y. Kim, G. Miao, and T. Hwang, “Energy efficient pilot and link adaptation for mobile users in TDD multi-user
MIMO systems,” IEEE Trans. Wireless Commun., vol. 13, no. 1, pp. 382 – 393, Jan. 2014.
[118] T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers of base station antennas,” IEEE Trans.
Wireless Commun., vol. 9, no. 11, pp. 3590 – 3600, Nov. 2010.
[119] E. Bjornson, L. Sanguinetti, J. Hoydis, and M. Debbah, “Optimal design of energy-efficient multi-user mimo systems:
Is massive mimo the answer?” IEEE Trans. Wireless Commun., vol. 14, no. 6, pp. 3059–3075, 2015.
[120] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral efficiency of very large multiuser MIMO
systems,” IEEE Trans. Commun., vol. 61, no. 4, pp. 1436 – 1449, Apr. 2013.
[121] N. Song, M. D. Zoltowski, Y. Sung, and D. J. Love, “Pilot beam pattern design for channel estimation in massive
MIMO systems,” IEEE J. Sel. Topics in Signal Process., vol. 8, no. 5, pp. 787 – 801, Oct. 2014.
[122] X. Zheng, H. Zhang, W. Xu, and X. You, “Semi-orthogonal pilot design for massive MIMO systems using successive
April 28, 2016 DRAFT
43
interference cancellation,” in Proc. of IEEE Global Commun. Conf. (Globecom), Austin, Texas, U.S., Dec. 2014, pp.
3719 – 3724.
[123] X. Yan, H. Yin, M. Xia, and G. Wei, “Pilot sequences allocation in TDD massive MIMO systems,” in Proc. of IEEE
Wireless Commun. and Netw. Conf. (WCNC), New Orleans, Louisiana, U.S., Mar. 2015, pp. 1488 – 1493.
[124] E. Bjornson, J. Hoydis, M. Kountouris, and M. Debbah, “Massive MIMO systems with non-ideal hardware: energy
efficiency, estimation, and capacity limits,” IEEE Trans. Inf. Theory, vol. 60, no. 11, pp. 7112 – 7139, Nov. 2014.
[125] R. Rogalin and et. al., “Scalable synchronization and reciprocity calibration for distributed multiuser MIMO,” IEEE
Trans. Wireless Commun., vol. 13, no. 4, pp. 1815 – 1831, Apr. 2014.
[126] C. Studer and E. G. Larsson, “PAR-aware large-scale multi-user MIMO-OFDM downlink,” IEEE J. Sel. Areas
Commun., vol. 31, no. 2, pp. 303 – 313, Feb. 2013.
[127] A. Farhang, N. Marchetti, L. E. Doyle, and B. Farhang-Boroujeny, “Filter bank multicarrier for massive MIMO,” in
Proc. of IEEE Veh. Technol. Conf. Fall (VTC-Fall), Vancouver, Canada, Sep. 2015, pp. 1 – 7.
[128] M.-S. Alouini and A. Goldsmith, “Area spectrum efficiency of cellular mobile radio systems,” IEEE Trans. Veh.
Technol., vol. 48, no. 4, pp. 1047 – 1066, Jul. 1999.
[129] P. Chandhar and S. S. Das, “Area spectrum efficiency of co-channel deployed OFDMA femtocell networks,” IEEE
Trans. Wireless Commun., vol. 13, no. 7, pp. 3524 – 3538, Jul. 2014.
[130] M. Z. Shakir, H. Tabassum, and M.-S. Alouini, “Analytical bounds on the area spectral efficiency of uplink
heterogeneous networks over generalized fading channels,” IEEE Trans. Veh. Technol., vol. 63, no. 5, pp. 2306
– 2318, Jun. 2014.
[131] W. Wang and G. Shen, “Energy efficiency of heterogeneous cellular network,” in IEEE Vehicular Technology
Conference Fall,, 2010, pp. 1–5.
[132] J. Lorincz, N. Dimitrov, and T. Matijevic, “Bit per joule and area energy-efficiency of heterogeneous macro
base station sites,” in Proc. of International Conference on Software, Telecommunications and Computer Networks
(SoftCOM),. IEEE, 2012, pp. 1–6.
[133] ——, “Bit per Joule and area energy-efficiency of heterogeneous macro base station sites,” in Proc. of IEEE Int.
Conf. on Software, Telecom. and Comput. Netw. (SoftCOM), Split, Croatia, Sep. 2012, pp. 1 – 6.
[134] G. He, S. Zhang, Y. Chen, and S. Xu, “Spectrum efficiency and energy efficiency tradeoff for heterogeneous wireless
networks,” in Proc. of IEEE Wireless Commun. and Netw. Conf. (WCNC), Shanghai, China, Apr. 2013, pp. 2570 –
2574.
[135] S. Kim, B. G. Lee, and D. Park, “Energy-per-bit minimized radio resource allocation in heterogeneous networks,”
IEEE Trans. Wireless Commun., vol. 13, no. 4, pp. 1862 – 1873, Apr. 2014.
[136] G. He, S. Zhang, Y. Chen, and S. Xu, “Energy efficiency and deployment efficiency tradeoff for heterogeneous
wireless networks,” in Proc. of IEEE Global Commun. Conf. (Globecom), Anaheim, California, U.S., Dec. 2012, pp.
1 – 5.
[137] S. Zhang and S. Xu, “On the bandwidth-power tradeoff for heterogeneous wireless networks with orthogonal
bandwidth allocation,” in Proc. of IEEE Veh. Technol. Conf. Spring (VTC-Spring), Yokohama, Japan, May 2012,
pp. 1 – 5.
[138] S. Zhang, G. He, Y. Chen, and S. Xu, “On the bandwidth-power tradeoff for heterogeneous networks with site
sleeping and inter-cell interference,” in Proc. of IEEE Wireless Commun. and Netw. Conf. (WCNC), Shanghai, China,
Apr. 2013, pp. 3794 – 3799.
[139] P.-Y. Kong, “Power consumption and packet delay relationship for heterogeneous wireless networks,” IEEE Commun.
Lett., vol. 17, no. 7, pp. 1376 – 1379, Jul. 2013.
April 28, 2016 DRAFT
44
[140] S. Mclaughlin and et. al., “Techniques for improving cellular radio base station energy efficiency,” IEEE Wireless
Commun. Mag., vol. 18, no. 5, pp. 10 – 17, Oct. 2011.
[141] W. Pramudito and E. Alsusa, “A hybrid resource management technique for energy and QoS optimization in fractional
frequency reuse based cellular networks,” IEEE Trans. Commun., vol. 61, no. 12, pp. 4948 – 4960, Dec. 2013.
[142] Z. Xu, C. Yang, G. Y. Li, Y. Liu, and S. Xu, “Energy-efficient CoMP precoding in heterogeneous networks,” IEEE
Trans. Signal Process., vol. 62, no. 4, pp. 1005 – 1017, Feb. 2014.
[143] S. He, Y. Huang, L. Yang, and B. Ottersten, “Coordinated multicell multiuser precoding for maximizing wighted
sum energy efficiency,” IEEE Trans. Signal Process., vol. 62, no. 3, pp. 741 – 751, Feb. 2014.
[144] Q. Wu, G. Y. Li, W. Chen, and D. W. K. Ng, “Energy-efficient small cell with spectrum power trading,” IEEE J.
Sel. Areas Commun., revised, 2016.
[145] K. Son, H. Kim, Y. Yi, and B. Krishnamachari, “Base station operation and user association mechanisms for energy-
delay tradeoffs in green cellular networks,” IEEE J. Sel. Areas Commun., vol. 29, no. 8, pp. 1525 – 1536, Sep.
2011.
[146] M. Ismail and W. Zhuang, “Green radio communications in a heterogeneous wireless medium,” IEEE Wireless
Commun. Mag., vol. 21, no. 3, pp. 128 – 135, Jun. 2014.
[147] G. Lim, C. Xiong, L. J. Cimini, and G. Y. Li, “Energy-efficient resource allocation for OFDMA-based multi-RAT
networks,” IEEE Trans. Veh. Technol., vol. 63, no. 5, pp. 2696 – 2705, May 2014.
[148] Q. Wang, B. Rengarajan, and J. Widmer, “Increasing opportunistic gain in small cells through energy-aware user
cooperation,” IEEE Trans. Wireless Commun., vol. 13, no. 11, pp. 6356 – 6369, Nov. 2014.
[149] Y. S. Soh, T. Q. S. Quek, M. Kountouris, and H. Shin, “Energy efficient heterogeneous cellular networks,” IEEE J.
Sel. Areas Commun., vol. 31, no. 5, pp. 840 – 850, May 2013.
[150] A. Conte, A. Feki, L. Chiaraviglio, D. Ciullo, M. Meo, and M. A. Marsan, “Cell wilting and blossoming for energy
efficiency,” IEEE Wireless Commun. Mag., vol. 18, no. 5, pp. 50 – 57, Oct. 2011.
[151] M. Z. Shakir and et. al., “Green heterogeneous small-cell networks: toward reducing the CO2 emissions of mobile
communications industry using uplink power adaptation,” IEEE Commun. Mag., vol. 51, no. 6, pp. 52 – 61, Jun.
2013.
[152] C. C. Coskun and E. Ayanoglu, “Energy-efficient base station deployment in heterogeneous networks,” IEEE Wireless
Commu. Lett., vol. 3, no. 6, pp. 593 – 596, Dec. 2014.
[153] D. Cao, S. Zhou, and Z. Niu, “Optimal combination of base station densities for energy-efficient two-tier
heterogeneous cellular networks,” IEEE Trans. Wireless Commun., vol. 12, no. 9, pp. 4350 – 4362, Sep. 2013.
[154] J. Peng, P. Hong, and K. Xue, “Energy-aware cellular deployment strategy under coverage performance constraints,”
IEEE Trans. Wireless Commun., vol. 14, no. 1, pp. 69 – 80, Jan. 2015.
[155] D. Cao, S. Zhou, and Z. Niu, “Improving the energy efficiency of two-tier heterogeneous cellular networks through
partial spectrum reuse,” IEEE Trans. Wireless Commun., vol. 12, no. 8, pp. 4129 – 4141, Aug. 2013.
[156] H. Ghazzai, E. Yaacoub, and M.-S. Alouini, “Optimized LTE cell planning for multiple user density subareas using
meta-heuristic algorithms,” in IEEE Vehicular Technology Conference, 2014, pp. 1–6.
[157] E. Yaacoub and Z. Dawy, “LTE BS placement optimization using simulated annealing in the presence of femtocells,”
in Proceedings of European Wireless, 2014, pp. 1–5.
[158] ——, “LTE radio network planning with HetNets: BS placement optimization using simulated annealing,” in IEEE
Mediterranean Electrotechnical Conference (MELECON), 2014, pp. 327–333.
[159] S.-R. Cho and W. Choi, “Energy-efficient repulsive cell activation for heterogeneous cellular networks,” IEEE J. Sel.
Areas Commun., vol. 31, no. 5, pp. 870 – 882, May 2013.
April 28, 2016 DRAFT
45
[160] G. Piro and et. al., “HetNets powered by renewable energy sources: sustainable next-generation cellular networks,”
IEEE Internet Comput., vol. 17, no. 1, pp. 32 – 39, Jan. 2013.
[161] X. Zhang, Y. Zhang, R. Yu, W. Wang, and M. Guizani, “Enhancing spectral-energy efficiency for LTE-Advanced
heterogeneous networks: a users social pattern perspective,” IEEE Wireless Commun. Mag., vol. 21, no. 2, pp. 10 –
17, Apr. 2014.
[162] X. Zhang, R. Yu, Y. Zhang, Y. Gao, M. Im, L. G. Cuthbert, and W. Wang, “Energy-efficient multimedia transmissions
through base station cooperation over heterogeneous cellular networks exploiting user behavior,” IEEE Wireless
Commun. Mag., vol. 21, no. 4, pp. 54 – 61, Aug. 2014.
[163] J. G. Andrews, F. Baccelli, and R. K. Ganti, “Stochastic geometry and random graphs for the analysis and design
of wireless networks,” IEEE Trans. Commun., vol. 59, no. 11, pp. 3122 – 3134, Nov. 2011.
[164] G. L. Nemhauser and L. A. Wolsey, Integer and Combinatorial Optimization. New York: John Wiley & Sons, 1988.
[165] X. Xu, S. Zhang, Y. Chen, and S. Xu, “On functionality separation for green mobile networks: concept study over
LTE,” IEEE Commun. Mag., vol. 51, no. 5, pp. 82 – 90, May 2013.
[166] M. Chiosi and et. al., Network functions virtualization: a viewpoint from ITU-T, ETSI white paper, Oct. 2012.
[Online]. Available: http://portal.etsi.org/NFV/NFV White Paper.pdf
[167] G. Goth, “Software-defined networking could shake up more than packets,” IEEE Internet Comput., vol. 15, no. 4,
pp. 6 – 9, Jan. 2011.
[168] S. Tombaz, A. Vastberg, and J. Zander, “Energy- and cost-efficient ultra-high-capacity wireless access,” IEEE Wireless
Commun. Mag., vol. 18, no. 5, pp. 18 – 24, Oct. 2011.
[169] J. Liu, T. Zhao, S. Zhou, Y. Cheng, and Z. Niu, “CONCERT: a cloud-based architecture for next-generation cellular
systems,” IEEE Wireless Commun. Mag., vol. 21, no. 6, pp. 14 – 22, Dec. 2014.
[170] I. Guvenc, “Capacity and fairness analysis of heterogenous networks with range expansion and interference
coordination,” IEEE Commun. Lett., vol. 15, no. 10, pp. 1084 – 1087, Oct. 2011.
[171] G. Foschini and Z. Miljanic, “A simple distributed autonomous power control algorithm and its convergence,” IEEE
Trans. Veh. Technol., vol. 42, no. 4, pp. 641 – 646, Apr. 1993.
[172] M. Rasti, A. R. Sharafat, and J. Zander, “A distributed dynamic target-SIR-tracking power control algorithm for
wireless cellular networks,” IEEE Trans. Veh. Technol., vol. 59, no. 2, pp. 906 – 916, Feb. 2010.
[173] ——, “Pareto and energy-efficient distributed power control with feasibility check in wireless networks,” IEEE Trans.
Inf. Theory, vol. 57, no. 1, pp. 245 – 255, Jan. 2011.
[174] R. D. Yates and C. Y. Huang, “Integrated power control and base station assignment,” IEEE Trans. Veh. Technol.,
vol. 44, no. 3, pp. 638 – 644, Aug. 1995.
[175] E. Hossain, M. Rasti, H. Tabassum, and A. Abdelnasser, “Evolution toward 5G multi-tier cellular wireless networks:
an interference management perspective,” IEEE Wireless Commun. Mag., vol. 21, no. 3, pp. 118 – 127, Jun. 2014.
[176] T. Nakamura and et. al., “Trends in small cell enhancements in LTE Advanced,” IEEE Commun. Mag., vol. 51,
no. 2, pp. 98 – 105, Feb. 2013.
[177] R. Wang, H. Hu, and X. Yang, “Potentials and challenges of C-RAN supporting multi-RATs toward 5G mobile
networks,” IEEE Access, vol. 2, pp. 1187 – 1195, Oct. 2014.
[178] I. Hwang, B. Song, and S. S. Soliman, “A holistic view on hyper-dense heterogeneous and small cell networks,”
IEEE Commun. Mag., vol. 51, no. 6, pp. 20 – 27, Jun. 2013.
[179] N. Zhao, F. R. Yu, and H. Sun, “Adaptive energy-efficient power allocation in green interference-alignment-based
wireless networks,” IEEE Trans. on Vehicular Technology,, vol. 64, no. 9, pp. 4268–4281, Sep. 2015.
[180] J. Yoon, W.-Y. Shin, and H. S. Lee, “Energy-efficient opportunistic interference alignment,” IEEE Commun. Lett.,
vol. 18, no. 1, pp. 30–33, Jan. 2014.
April 28, 2016 DRAFT
46
[181] J. Tang, D. K. So, E. Alsusa, K. A. Hamdi, and A. Shojaeifard, “Energy efficiency optimization with interference
alignment in multi-cell MIMO interfering broadcast channels,” IEEE Trans. Commun., vol. 63, no. 7, pp. 2486–2499,
Jul. 2015.
[182] F. M. Abinader, E. P. Almeida, F. S. Chaves, A. M. Cavalcante, R. D. Vieira, R. C. Paiva, A. M. Sobrinho,
S. Choudhury, E. Tuomaala, K. Doppler et al., “Enabling the coexistence of lte and wi-fi in unlicensed bands,”
IEEE Commun. Mag., vol. 52, no. 11, pp. 54–61, Nov. 2014.
[183] H. Zhang, X. Chu, W. Guo, and S. Wang, “Coexistence of wi-fi and heterogeneous small cell networks sharing
unlicensed spectrum,” Communications Magazine, IEEE, vol. 53, no. 3, pp. 158–164, Mar. 2015.
[184] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous wireless information and power transfer,” IEEE
Trans. Wireless Commun., vol. 12, no. 5, pp. 1989–2001, May 2013.
[185] Q. Wu, M. Tao, D. W. K. Ng, W. Chen, and R. Schober, “Energy-efficient resource allocation for wireless powered
communication networks,” IEEE Trans. Wireless Commun., to appear, 2015.
[186] ——, “Energy-efficient transmission for wireless powered multiuser communication networks,” in Proc. IEEE ICC,
2015, pp. 154–159.
[187] D. W. K. Ng, E. S. Lo, and R. Schober, “Multi-objective resource allocation for secure communication in cognitive
radio networks with wireless information and power transfer,” IEEE Trans. Veh. Technol., early access, 2015.
[188] D. W. K. Ng and R. Schober, “Secure and green swipt in distributed antenna networks with limited backhaul capacity,”
Wireless Communications, IEEE Transactions on, vol. 14, no. 9, pp. 5082–5097, 2015.
[189] T. S. Rappaport and et. al., “Millimeter wave mobile communications for 5G cellular: it will work!” IEEE Access,
vol. 1, pp. 335 – 349, May 2013.
[190] C. Dehos, J. L. Gonzalez, A. D. Domenico, D. Ktenas, and L. Dussopt, “Millimeter-wave access and backhauling:
the solution to the exponential data traffic increase in 5G mobile communications systems?” IEEE Commun. Mag.,
vol. 52, no. 9, pp. 88 – 95, Sep. 2014.
[191] W. Roh and et. al., “Millimeter-wave beamforming as an enabling technology for 5G cellular communications:
theoretical feasibility and prototype results,” IEEE Commun. Mag., vol. 52, no. 2, pp. 106 – 113, Feb. 2014.
[192] L. Wei, R. Hu, Y. Qian, and G. Wu, “Key elements to enable millimeter wave communications for 5G wireless
systems,” IEEE Wireless Commun. Mag., vol. 21, no. 6, pp. 136 – 143, Dec. 2014.
[193] T. Rappaport and et. al., “Broadband millimeter-wave propagation,” IEEE Trans. Antennas Propag., vol. 61, no. 4,
pp. 1850 – 1859, Apr. 2013.
[194] A. I. Sulyman and et. al., “Radio propagation path loss models for 5G cellular networks in 28 GHz and 38 GHz
millimeter-wave bands,” IEEE Commun. Mag., vol. 52, no. 9, pp. 78 – 86, Sep. 2014.
[195] X. Huang, Y. J. Guo, and J. D. Bunton, “A hybrid adaptive antenna array,” IEEE Trans. Wireless Commun., vol. 9,
no. 5, pp. 1770 – 1779, May 2010.
[196] S. Kato and et. al., “Single carrier transmission for multi-gigabit 60-GHz WPAN systems,” IEEE J. Sel. Areas
Commun., vol. 27, no. 8, pp. 1466 – 1478, Oct. 2009.
[197] W. Hong, K.-H. Baek, Y. Lee, Y. Kim, and S.-T. Ko, “Study and prototyping of practically large-scale mmWave
antenna systems for 5G cellular devices,” IEEE Commun. Mag., vol. 52, no. 9, pp. 63 – 69, Sep. 2014.
[198] S. Han, C.-L. I, Z. Xu, and C. Rowell, “Large-scale antenna systems with hybrid analog and digital beamforming
for millimeter wave 5G,” IEEE Commun. Mag., vol. 53, no. 1, pp. 186 – 194, Jan. 2015.
[199] A. Ghosh and et. al., “Millimeter-wave enhanced local area systems: a high-data-rate approach for future wireless
networks,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1152 – 1163, Jun. 2014.
[200] H. Mehrpouyan and et. al., “Hybrid millimeter-wave systems: a novel paradigm for HetNets,” IEEE Commun. Mag.,
vol. 53, no. 1, pp. 216 – 221, Jan. 2015.
April 28, 2016 DRAFT
47
[201] K. Zheng and et. al., “10Gb/s HetSNets with millimeter-wave communications: access and networking - challenges
and protocols,” IEEE Commun. Mag., vol. 53, no. 1, pp. 222 – 231, Jan. 2015.
[202] X. Hong, J. Wang, C.-X. Wang, and J. Shi, “Cognitive radio in 5G: a perspective on energy-spectral efficiency
trade-off,” IEEE Commun. Mag., vol. 52, no. 7, pp. 46 – 53, Jul. 2014.
[203] S. Eryigit and et. al., “Energy efficiency is a subtle concept: fundamental trade-offs for cognitive radio networks,”
IEEE Commun. Mag., vol. 52, no. 7, pp. 30 – 36, Jul. 2014.
[204] C. Jiang, H. Zhang, Y. Ren, and H.-H. Chen, “Energy-efficient non-cooperative cognitive radio networks: micro,
meso, and macro views,” IEEE Commun. Mag., vol. 52, no. 7, pp. 14 – 20, Jul. 2014.
[205] S. Eryigit and et. al., “Energy-efficient multichannel cooperative sensing scheduling with heterogeneous channel
conditions for cognitive radio networks,” IEEE Trans. Veh. Technol., vol. 62, no. 6, pp. 2690 – 2699, Jul. 2013.
[206] X. Sun and D. H. K. Tsang, “Energy-efficient cooperative sensing scheduling for multi-band cognitive radio networks,”
IEEE Trans. Wireless Commun., vol. 12, no. 10, pp. 4943 – 4955, Oct. 2013.
[207] A. Mesodiakaki and et. al., “Energy-efficient user association in cognitive heterogeneous networks,” IEEE Commun.
Mag., vol. 52, no. 7, pp. 22 – 29, Jul. 2014.
[208] M. L. Treust and et. al., “Green power control in cognitive wireless networks,” IEEE Trans. Veh. Technol., vol. 62,
no. 4, pp. 1741 – 1754, May 2013.
[209] Y. Liu, L. X. Cai, X. Shen, and H. Luo, “Deploying cognitive cellular networks under dynamic resource management,”
IEEE Trans. Wireless Commun., vol. 20, no. 2, pp. 82–88, 2013.
[210] R. Xie, F. R. Yu, H. Ji, and Y. Li, “Energy-efficient resource allocation for heterogeneous cognitive radio networks
with femtocells,” IEEE Trans. Wireless Commun., vol. 11, no. 11, pp. 3910 – 3920, Nov. 2012.
[211] A. Gupta and R. K. Jha, “A survey of 5G network: architecture and emerging technologies,” IEEE Acc ess, vol. 3,
pp. 1206 – 1232, Oct. 2015.
[212] G. E. Moore, “Cramming more components onto integrated circuits,” Proc. IEEE, vol. 86, no. 1, pp. 82 – 85, Jan.
1998.
[213] W. Xia, Y. Wen, C. H. Foh, D. Niyato, and H. Xie, “A survey on software-defined networking,” IEEE Communications
Surveys Tutorials, vol. 17, no. 1, pp. 27–51, Firstquarter 2015.
[214] B. Heller, S. Seetharaman, P. Mahadevan, Y. Yiakoumis, P. Sharma, S. Banerjee, and N. McKeown, “Elastictree:
Saving energy in data center networks.” in NSDI, vol. 10, 2010, pp. 249–264.
[215] V. Yazici and et. al., “A new control plane for 5G network architecture with a case study on unified handoff, mobility
and routing management,” IEEE Commun. Mag., vol. 52, no. 11, pp. 76 – 221, Nov. 2014.
[216] J. M. Rabaey, A. Chandrakasan, and B. Nikolic, Digital Integrated Circuits - A Design Perspective, 2nd ed. New
Jersey: Prentice Hall, 2003.
April 28, 2016 DRAFT
